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The aim of this doctoral thesis was, to study the mitochondrial proteome, especially of the 
oxidative phosphorylation machinery, and its alteration during ageing. Data obtained from 
protein profiling of rat brain cortex, striatum and hippocampus of two different age states 
were compared to that of human fibroblasts undergoing senescence and after exposure to  
X-rays and heavy ions. The focus laid on quantitative analysis of individual Oxidative 
Phosphorylation (OxPhos) complexes, respiratory chain supercomplexes and ATP synthase 
oligomers as well as other non-OxPhos proteins that might be involved in the process of 
ageing, senescence or irradiation response. The most important point was to disclose overall 
mechanisms (in vivo and in vitro) to reveal the mostly unknown basic molecular processes 
involved in both ageing and senescence. 
The combination of two-dimensional Blue-native/SDS-PAGE for protein separation, 
subsequent gel-staining with the fluorescent protein-dye SYPRO Ruby and quantitative 
analysis of protein spot intensities by 2D-gel image analyzing software was used as powerful 
tool to analyze not only age-dependent changes in the abundance of individual proteins but 
also of protein-protein-interactions. In the first step after gentle detergent-solubilisation, 
single proteins and protein-complexes (homo- and heterooligomers) migrated according to 
their molecular mass in BN-gels, preserving the structure, activity and all relevant protein-
protein interactions. Protein-activity was determined by performing in-gel activity assays. 
Subsequently, proteins, protein-complexes and supercomplexes were dissociated into their 
specific subunits after denaturation in the second dimension SDS-PAGE. It was 
demonstrated that protein quantitation can be performed in both gel dimensions, but the 1D 
Blue-native gel dimension enables much less resolution power than the second dimension 
SDS gel.  
Essential prerequisites for high quality protein profiling were ascertained. (1) Isolation of 
mitochondria should be carried out immediately upon dissection of the tissue. Freezing of the 
tissue (also in liquid nitrogen) reduce the sample quality, visible by a 3-fold reduced protein 
yield after mitochondrial isolation and reduced solubilization efficiency. (2) Sample storage 
should take place after mitochondrial isolation. Increased dissociation of protein-protein-
interactions, quantitated by an increase of individual complex I, was found in brain tissue 
after storage at -80°C, but not in frozen mitochondrial fractions. (3) The application of crude 
mitochondrial fractions not subjected to further purification, in order to preserve also fragile 
and damaged mitochondria, and of the antioxidant cocktail SCAVEGR, protecting proteins 
e.g. for oxidative modifications during preparation, are fundamental to obtain samples of high 
quality. (4) Gentle solubilisation conditions using digitonin as detergent at defined 
detergent/protein-ratios allow quantitative extraction. In following these four conditions, data 
were obtained allowing quantitative comparison of protein profiles between e.g. different 
individuals in one age-group on the one hand and individuals of different age, on the other 
hand. 
In the current investigation it was not only demonstrated that brain mitochondria isolated from 
young and aged rats show quantitatively different protein pattern but also that ageing occurs 
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distinct in cortex, striatum and hippocampus. The latter displaying the largest alterations. An 
observation common for the mitochondria of all three brain areas was that more than 95% of 
complex I was present in supercomplexes with complex III2 (I1III2) or/and complex III2 and  
IV1-X (one to several copies of complex IV). It was emphasized that supercomplex formation 
follows distinct stoichiometry and optimizes the activity of complexes involved (Frenzel et al., 
2010b; Schäfer et al., 2006). The specific activity of complex I increased when assembled to 
complex III2 and even more in a supercomplex containing complex III2 and additionally 
complex IV (I1III2IV1-3). The largest specific activity of complex I was found in I1III2IV1. An age-
associated decrease in supercomplex abundances was always accompanied by an 
increased proportion of this high active supercomplex I1III2IV1 in relation to others. An 
important new observation was, that the specific activity for each supercomplex was similar 
in young and aged animals 
According to alterations of respiratory chain complexes and supercomplexes during ageing, 
hippocampus has an exceptional position compared to cortex and striatum. In cortex there 
was an overall decline in protein abundances of individual and supercomplexes (except 
III2IV1) up to 2.4-fold, while in striatum only minor changes occurred. In contrast, in 
hippocampus an age-associated pronounced abundance increase of up to 8.3-fold was 
observed. Although this increase is remarkable, the total protein amount of respiratory chain 
complexes in hippocampal and striatal mitochondria was smaller than that in cortex 
especially in young rats. The proportion of respiratory chain complexes assembled in 
supercomplexes was the highest in cortex.  
Also the amount of the ATP synthase (V1-V4) was decreased in cortex, unchanged in 
striatum and increased in hippocampus during ageing. The magnitude of increase or 
decrease was moderate compared to that of complexes I-IV and was attributed solely to 
alterations of the complex V monomer (V1). The absolute amount of ATP synthase oligomers 
(V2-V4) was similar in all three brain areas and unaffected by age. Although changes in the 
total abundance of the ATP synthase were divergent, an overall age-associated pronounced 
increase (1.5-4.8-fold) of the unassembled, water soluble F1-part was found in all three brain 
areas.  
In hippocampus, the pronounced age-associated increase of respiratory chain complexes 
was accompanied by an increase of the mitochondrial aconitase 2, indicating an enhanced 
cellular energy level in this brain area in aged animals, possibly to provide the ATP needed 
by the Na+/K+-ATP synthase that also increased in abundance during ageing and utilize 
about 70% of the cellular energy. 
In cortex and striatum the amount of the aconitase was unchanged while that of Na+/K+-ATP 
synthase decreased during ageing, in line with the amount of the mitochondrial heat shock 
protein 60 (HSP60) that is belonging to the groups of chaperones. The latter remained 
unchanged in hippocampus. 
Contradictory to the “Free Radical Theory of Ageing” postulated by Harman (1956), 





Data obtained from rats (in vivo experiments) were compared to that of human fibroblasts (in 
vitro long-term lasting experiments ~240 days; NHDF, WI38, AG1522D), to unravel basic 
molecular processes involved in both ageing and senescence. It was demonstrated that 
during cellular senescence the mitochondrial proteome was comparable to that of cortex 
mitochondria. Comparing young cells and cells after several cell cycles, an overall 
abundance decline of OxPhos complexes (complex I, III2, supercomplexes and ATP 
synthase) and HSP60 occurred during cell ageing. The amount of mitofilin (important for 
fusion and fission) decreased also while that of prohibitin (cell proliferation and cristae 
formation) remained constant and that of superoxide dismutase 1 (SOD1) increased. Ageing 
of cells in culture was additionally accompanied by an increase of chromosomal aberrations 
and the number of aberrations per cell as well as the level of apoptotic cells and post-mitotic 
fibroblasts.  
Irradiation of normal human dermal fibroblasts with X-rays (8 Gy) resulted in comparable but 
decelerated senescence-associated alterations of the mitochondrial proteome in progeny of 
irradiated cells after recovery from irradiation induced chromosomal damages. In contrast to 
non-irradiated cells, in progeny of irradiated cells (NHDF) a pronounced abundance increase 
of complex I, supercomplexes and ATP synthase occurred before the age-related decline. 
The amounts of complex III2, HSP60, mitofilin and prohibitin were similar at the beginning 
and at the end of the experiment. Only the abundance of SOD1 increased. The level of 
chromosomal aberrations, apoptosis and post-mitotic cells increased immediately after 
irradiation, returned thereafter to the level of progeny of non-irradiated cells and increased 
also during cellular senescence, but more moderate. 
The level of reactive oxygen species (ROS) increased during cellular senescence in both, 
progeny of non-irradiated and irradiated cells, independent from X-ray exposure, although 
ROS increased transiently directly upon irradiation (Zahnreich, 2011). No changes in the 
proportion of different ROS species were observed.  
Alterations in the total amount of ATP synthase were correlated to the cellular ATP level. 
Although in progeny of non-irradiated cells a decrease in the abundance of complex V was 
observed, the cellular amount of ATP was constant at about 4 x 10-15 mol/cell. After X-ray 
irradiation, the cellular ATP level was significantly increased at day 15 and 28, decreased 
thereafter at day 43 first until the ATP-level in non-irradiated cells and later on even there 
under at day 158.  
The decelerated entering in cellular senescence of progeny of irradiated cells may be 
attributed to a mechanism called hormesis possibly induced by the acute irradiation and/or 
the irradiation induced increase in ROS.  
It was demonstrated the first time that in human fibroblasts (of different origin) two oligomeric 
states (a heptamer and a smaller form) of homooligomeric mitochondrial HSP60 are present. 
A shift in the ratio of the two oligomeric states towards the smaller form occurred after 
irradiation, cellular senescence and after treatment with a Parkinson’s disease inducing toxin, 








Das Ziel dieser Arbeit war es, das mitochondriale Proteom insbesondere im Hinblick auf die 
Oxidative Phosphorylierung (OxPhos) und seine Veränderungen im Alter zu untersuchen. 
Speziell wurden im ersten Schritt drei verschiedene Areale (Cortex, Striatum und 
Hippocampus) aus Rattenhirn zweier Altersstufen verglichen. Erhaltene Ergebnisse wurden 
im zweiten Schritt in Bezug gesetzt zu Veränderungen des mitochondrialen Proteoms 
humaner Fibroblasten beim Eintritt in die Seneszenz und nach Bestrahlung mit 
Röntgenstrahlen und schweren Ionen. Der Schwerpunkt lag dabei auf der quantitativen 
Analyse der Atmungskettenkomplexe und ihrer Superkomplexe, sowie dem Auftreten von 
ATP-Synthase Oligomeren und Nicht-OxPhos-Proteinen, die möglicherweise am Altern, der 
Seneszenz oder der zellulären Reaktion auf Bestrahlung beteiligt sind. Generelle 
Mechanismen, die Aufschluss sowohl über den zurzeit noch weitestgehend unverstandenen 
Prozess des Alterns sowie der zellulären Seneszenz geben, sollten erforscht werden. 
Mittels zweidimensionaler Blau-nativer/SDS-Polyacrylamidgelelektrophorese, anschließen-
der Visualisierung der Proteine im Gel mit Hilfe des Fluoreszenzfarbstoffs SYPRO Ruby und 
abschließender quantitativer Analyse der Proteinfärbung konnten alternsbedingte 
Veränderungen der Menge einzelner Proteine sowie von Protein-Protein-Wechselwirkungen 
innerhalb der Mitochondrien untersucht werden. Dazu wurden die Proteine des 
mitochondrialen Proteoms zunächst mit Hilfe des milden Detergens Digitonin aus den 
Membranen solubilisiert. Die auf diese Weise nativ extrahierten Proteine und 
Proteinkomplexe (Hetero- und Homooligomer) wurden mittels Blau-nativer 
Polyacrylamidgelelektrophorese (BN-PAGE) entsprechend ihrer molekularen Masse 
aufgetrennt, wobei ihre Struktur, Aktivität und alle relevanten Protein-Protein-Interaktionen 
erhalten blieben. Die Aktivität der Enzyme wurde über In-Gel-Aktivitätstests nachgewiesen. 
Die anschließende, denaturierende Tricine-SDS-PAGE diente dazu, Proteine, 
Proteinkomplexe und Superkomplexe in einer zweiten Dimension in ihre Untereinheiten zu 
zerlegen. Es wurde gezeigt, dass die Proteinquantifizierung sowohl in der ersten als auch in 
der zweiten Dimension erfolgen kann, wobei sich die zweite Dimension durch eine bessere 
Auflösung auszeichnet.  
Essentielle Grundvoraussetzungen für die Probenaufbereitung zur späteren hochqualitative 
Analyse des mitochondrialen Proteoms wurden ermittelt: (1) Die Isolierung der Mitochondrien 
sollte direkt im Anschluss an die Entnahme der Gewebe erfolgen, da selbst kurzzeitiges 
Einfrieren die Probenqualität reduziert, was sich in einer 3-fach geringeren Proteinausbeute 
und verminderten Solubilisierungseffizienz zeigt. (2) Zur längeren Lagerung bei -80°C sollten 
die Mitochondrien zuvor isoliert werden, da in über einen längeren Zeitraum eingefrorenen 
Geweben vermehrte Dissoziation von Superkomplexen beobachtet wurde. (3) Die 
Verwendung des Antioxidantien-Cocktails SCAVEGR schützt die Probe vor oxidativen 
Schäden während der Isolierung und der Verzicht von weiteren Aufreinigungsschritten 
verhindert den Verlust defekter oder die Schädigung fragiler Mitochondrien. (4) Milde 
Solubilisierungsbedingungen mit Digitonin als Detergens bei bestimmtem Detergens-zu-
Protein-Verhältnis erlauben quantitative Proteinextraktionen. Unter Berücksichtigung dieser 
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Bedingungen konnte ein quantitativer Vergleich der Proteinmuster verschiedener Individuen 
innerhalb einer experimentellen Gruppe und zweier Altersstufen erfolgen. 
Im Rahmen dieser Arbeit konnte nicht nur nachgewiesen werden, dass sich das 
mitochondriale Proteom im Rattenhirn im Laufe des Alterns verändert, sondern zusätzlich, 
dass Cortex, Striatum und insbesondere Hippocampus unterschiedliche alternsbedingte 
Veränderungen zeigen. In allen drei Hirnarealen lagen jedoch 95% der Gesamtmenge von 
Komplex I in Form von Superkomplexen (I1III2 und I1III2IV1-X) vor, wobei diese spezifische 
Zusammensetzungen aufweisen und die Aktivität der darin beteiligten Komplexe optimieren 
(Frenzel et al., 2010b; Schäfer et al., 2006). Eine Erhöhung der spezifischen Aktivität von 
Komplex I zeigte sich nach dem Zusammenschluss mit Komplex III2 und in noch stärkerem 
Maße nach zusätzlicher Wechselwirkung mit Komplex IV (I1III2IV1-3). Die größte Aktivität von 
Komplex I wurde im Superkomplex I1III2IV1 gefunden. Ein alternsbedingter Abfall der Menge 
an Superkomplexen war stets assoziiert mit einem relativen Anstieg dieses aktiveren 
Komplexes I1III2IV1 im Verhältnis zu den anderen. Eine wichtige Erkenntnis war, dass in 
jungen und alten Tieren die spezifische Aktivität von Komplex I in den verschiedenen 
Superkomplexen identisch war. 
Alternsbedingte Veränderungen der Atmungskettenkomplexe und –superkomplexe im 
Hippocampus unterscheiden sich außerordentlich von denen im Cortex und Striatum. 
Während im Cortex ein allgemeiner, bis zu 2,4-facher Abfall der Proteinmengen von 
individuellen Komplexen und Superkomplexen (mit Ausnahme von III2IV1) erfolgte, wurden 
im Striatum nur geringe Änderungen beobachtet. Im Gegensatz dazu fand im Hippocampus 
ein bis zu 8,3-facher alternsbedingter Anstieg der Proteinmengen statt. Trotz dieses 
extremen Anstiegs war die Gesamtmenge an Atmungskettenkomplexen besonders bei 
jungen Tieren im Hippocampus und im Striatum kleiner als im Cortex. In Mitochondrien aus 
dem Cortex lag die größte Menge an Superkomplexen im Verhältnis zu individuellen 
Komplexen vor. 
Die Menge der ATP-Synthase (V1-V4) nahm im Cortex im Alter ab, verblieb unverändert im 
Striatum und stieg im Hippocampus an. Die relativ moderaten Veränderungen der 
Gesamtmenge konnten dabei der Ab- oder Zunahme der Menge an Komplex V Monomeren 
zugeschrieben werden. Die Menge der Oligomere (V1-V4) war in den drei verschiedenen 
Hirnarealen gleich und unverändert im Alter. Unabhängig von alternsbedingten, quantitativen 
Veränderungen der Menge intakter ATP-Synthase stieg in allen Hirnarealen die Menge an 
freiem, wasserlöslichem F1-Teil (1,5 - 4,8-fach) an. 
Die im Hippocampus beobachtete Mengenzunahme der Atmungskettenkomplexe während 
des Alterns war begleitet von einer Zunahme der mitochondrialen Aconitase 2, was ein 
Hinweis auf ein verstärkt vorliegendes zelluläres Energieniveau ist. Es wird angenommen, 
dass dieses benötigt wird, um die in den Mitochondrien alter Tiere ebenfalls vermehrt 
vorhandene Na+/K+-ATP-Synthase (verbraucht 70% der zellulären Energie in Nervenzellen) 
mit dem notwenigen ATP zu versorgen.  
Die Menge der Aconitase war im Cortex und im Striatum unverändert, während die der 
Na+/K+-ATP-Synthase sich im Laufe des Alterns verringerte, genau wie die des 
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Hitzeschockproteins HSP60 (Protein der Chaperon-Familie). Im Hippocampus wurden keine 
Veränderungen des Auftretens von HSP60 beobachtet. 
Entgegen der „Freie-Radikale-Theorie des Alterns“, aufgestellt von Harman (1956), wiesen 
die mitochondrialen Proteine im Cortex älterer Tieren weniger oxidative Modifikationen auf 
als die von jungen. 
Um fundamentale, molekulare Mechanismen allgemeingültig für das Altern von Zellen in 
Geweben (in vivo) und Zellkultur (in vitro) aufzudecken, wurden die Daten der 
mitochondrialen Proteomanalyse der Ratten mit denen von humanen Fibroblasten (NHDF, 
WI38, AG1522D) verglichen, die sich bis zu 240 Tage in Kultur befanden. Es konnte gezeigt 
werden, dass das mitochondriale Proteom während der Alterung von Zellkulturen 
(Seneszenz) vergleichbare Veränderungen aufweist wie im Cortex von Ratten. So wurde ein 
Absinken der Menge an OxPhos Komplexen (Komplex I, III2, Superkomplexen und der ATP-
Synthase) sowie HSP60 mit fortlaufender Kultivierungsdauer detektiert. Die Menge an 
Mitofilin (wichtig für Fusion und Fisson von Mitochondrien) fällt ebenso ab, während die von 
Prohibitin (beteiligt an Zellproliferation und Cristae-Bildung) unverändert bleibt und die der 
Superoxiddismutase 1 (SOD1) ansteigt. Zudem ist bei zunehmendem Alter der Zellkulturen 
ein vermehrtes Auftreten chromosomaler Schäden und eine erhöhte Anzahl an Aberrationen 
pro Zellen sowie ein Anstieg von apoptotischen Zellen und postmitotischen Fibroblasten 
beobachtet worden. 
Nachkommen humaner Fibroblasten zeigten nach Bestrahlung mit Röntgenstrahlen (8 Gy) 
und dem Überwinden damit verbundener chromosomaler Schäden vergleichbare, aber 
verzögerte Veränderungen des mitochondrialen Proteoms aufgrund von Seneszenz. Im 
Gegensatz zu nicht bestrahlten Zellen stieg in Nachkommen bestrahlter NHDF Zellen die 
Menge an Komplex I, Superkomplexen und der ATP-Synthase an, bevor diese 
alternsbedingt ein paar Tage später abfiel. Die Anzahl an Komplex III2, HSP60, Mitofilin und 
Prohibitin war am Anfang des Experiments vergleichbar mit dem am Ende. Nur die Menge 
der SOD1 nahm zu. Nach Bestrahlung traten vermehrt chromosomale Schäden, Apoptose 
und postmitotische Zellen auf, deren Anzahl jedoch nach einigen Tagen auf das Niveau nicht 
bestrahlter Zellen zurück fiel und erst im Alter im moderaten Ausmaß aufgrund von zellulärer 
Alterung wieder zunahm.  
Das Niveau reaktiver Sauerstoffspezies (ROS) stieg sowohl in Nachkommen nicht 
bestrahlter sowie bestrahlter Zellen im Laufe der zellulären Alterung an. Dieser Anstieg 
erfolgte jedoch unabhängig von zuvor durchgeführter Bestrahlung, obwohl direkt im 
Anschluss an Bestrahlungen bereits erhöhte ROS-Niveau beobachtet wurden (Zahnreich, 
2011). Es konnte zudem keine Zu- oder Abnahme einer bestimmten ROS-Spezies 
beobachtet werden. 
Veränderungen der Gesamtmenge der ATP-Synthase wurden in Beziehung gesetzt zur 
tatsächlichen zellulären ATP-Konzentration. Obwohl in nicht-bestrahlten Zellen ein Absinken 
der Menge von Komplex V beobachtet wurde, waren konstant 4 x 10-15 mol ATP / Zelle 
vorhanden. Nach Bestrahlung verdoppelte sich die Menge an zellulärem ATP (Tag 15 und 
28), fiel am Tag 43 zunächst zurück auf das Niveau nicht-bestrahlter Zellen und noch weiter 
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darunter (ab Tag 158), bis sie am Tag 193 nur noch 1/3 der Konzentration in nicht 
bestrahlten Zellen entsprach.  
Das verzögerte Eintreten in die zelluläre Seneszenz in Nachkommen bestrahlter Zellen ist 
möglicher Weise auf einen Prozess zurückzuführen, der als Hormesis bezeichnet wird. 
Dieser wiederum könnte Aufgrund der einmaligen Behandlung mit Röntgenstrahlen (akute 
Dosis von 8 Gy) und/oder dem daraus resultierenden Anstieg an ROS induziert worden sein. 
Es konnte zum ersten Mal gezeigt werden, dass in verschiedenen humanen Fibroblasten 
zwei oligomere Formen (Heptamer und eine kleinere Form) des Homooligomers HSP60 
vorliegen. Eine Verschiebung des Verhältnisses der beiden Formen zueinander zum 
kleineren Oligomer hin wurde nach Bestrahlung, beim Eintreten in die Seneszenz und nach 
Behandlung mit einem Toxin, das Parkinson auslöst, beobachtet und mit dem Auftreten von 
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1.1 The mechanism of biological ageing  
To date, there is no universally accepted definition of ageing. However, it is postulated that 
ageing is a progressive, non-reversal process characterized by increased physiological 
dysfunction causing failure of body/organelle functions and at least death. Currently, there 
are more than 300 theories of ageing (Vina et al., 2007) and many possible key mechanisms 
are discussed. But it is questionable if the cause of ageing can be ascribed to a single cause 
such as accumulation of DNA damage, telomere shortening, and reduced repair or less 
active defense systems due to reduced enzyme activities and maintenance. It is more likely 
that ageing is a highly complex process combining all so far discussed damages and 
alterations, which again are affecting and enhancing themselves. Although there are a lot of 
factors being involved in ageing are missing, it is possible to form a preliminary solution to 
the problem, helping to develop new experiments that will increase our understanding of 
ageing (Borras et al., 2010). 
One of the most prominent theories to explain ageing is the “Mitochondrial Theory of Ageing” 
in combination with the “Free Radical Theory” (Harman, 1956). According to this theory, 
somatic mutation of mtDNA causes respiratory chain dysfunction leading to the production of 
oxygen radicals that are inducing damages in macromolecules (Jacobs, 2003). In turn, this is 
proposed to result in the accumulation of mtDNA mutations. All factors together are leading 
to tissue dysfunction and degeneration. The mitochondrial theory of ageing has been 
recently tested in various laboratories and there are many published papers in support of this 
theory (Vina et al. (2007) and references herein). 
The rate of production of oxidants by mitochondria is rather difficult to study. Moreover, 
although the general agreement is that the ROS level increases with age (as demonstrated 
also in this study), some laboratories are unable to confirm this fact. Consequently, studying 
biomarkers of oxidative stress appears more adequate than studying the reactive oxygen 
species (ROS) production itself.  
Malfunction of mitochondria are not representing the final cause for ageing but mitochondria 
are the cellular organelle being involved the most (Kwong and Sohal, 2000). The study of 
alterations in the mitochondrial proteome may help to understand age-associated 
phenomena as it is the case in some age-related diseases. The molecular process of ageing 
might differ not only between evolutionary distant species but even in the same organism. 
Especially tissues consisting mostly of post-mitotic cells like brain, muscle or heart are in the 
focus of ageing studies since age-associated alterations appear more pronounced herein 




1.1.1 Mitochondria and their role in ageing and senescence 
Mitochondria are double-membrane organelles, playing a critical role in cell signaling, 
apoptosis, cellular differentiation, cell cycle control, cell growth (McBride et al., 2006) and 
maintaining the cellular energy status (Gunter et al., 2000). The number of mitochondria 
varies from only one single (Hecker et al., 1973) up to 1000-2000 per cell dependent on 
origin (Alberts et al., 1994). In contrast to former opinion, mitochondria show their typical 
bacterial-like shape only during cell proliferation when being allocated between the daughter 
cells. The main time of the cell cycle they vary in their shape (e.g. size, elongation, 
branching) and are forming syncytia, a network out of many mitochondria coalesce controlled 
via mechanisms called fusion and fission (Bereiter-Hahn and Voth, 1994).  
The inner mitochondrial membrane is constituted up to 50% (w/w) of integral membrane 
proteins, 25% (w/w) of membrane associated peripheral proteins and 25% (w/w) of lipids 
(Nicholls and Ferguson, 1992). This lipid composition differs compared to other predominant 
membranes. In mammals, the main component is the phospholipid phosphatidylcholine [27-
45% (w/w)]. Compared to other membranes, the amount of phosphatidylethanolamine [(29-
39% (w/w)] is increased while that of phosphatidylinositole [2-7% (w/w)] and 
phosphatidylserine [1% (w/w)] is less. The proportion of cardiolipin (20% of the total lipids) in 
relation to sterols (cholesterol) and sphingolipids is relatively high (Daum, 1985). Cardiolipin 
was found to be essential for OxPhos complexes and supercomplex formation (Toescu et al., 
2000). Changes in membrane properties, e.g. during the ageing process, may affect the 
enzyme activity of membrane proteins (Hoch, 1992). Not only may the composition of lipids 
change but also the type of fatty acid residues. An increase of unsaturated fatty acids e.g. is 
leading to proton leak across the membrane and higher peroxydative damages of membrane 
lipids and results in apoptosis (Haripriya et al., 2004; Mattson, 1998).  
Contrary to other organelles, mitochondria contain their own circular and double-stranded 
DNA having no introns that constitutes 0.5-1% of the total DNA in human cells (DiMauro, 
2004; Nugent et al., 2010; Taanman, 1999). The mitochondrial DNA is organized in protein-
DNA complexes so called mitochondrial nucleoids (mt-nucleoids, in analogy to the bacterial 
chromosome) (Chen and Butow, 2005; Kuroiwa, 1982; Prachar, 2010). In mammals, mt-
nucleoids have a diameter of 0.068 µm. These nucleoids contain in vertebrates typically 5-7 
units of the circular mitochondrial genome (Prachar, 2010), which is 16.5 kb long and are 
associated to the inner mitochondrial membrane (DiMauro, 2004). 
The mutation rate in mtDNA is 10-20 times higher compared to nuclear DNA (nDNA), 
presumably due to its physical closeness to the Oxidative Phosphorylation machinery 
(OxPhos) embedded in the inner mitochondrial membrane and therewith high level of 
reactive oxygen species (ROS) produced mainly via the respiratory chain (Ozawa, 1997). 
Although most proteins of the mitochondrial respiratory chain (80) are encoded by the nDNA, 
13 are encoded by mtDNA. Thus, damages of both, mtDNA and nDNA may affect the 
OxPhos machinery. Hence respiration is the only metabolic pathways under dual control 
(DiMauro, 2004). The mtDNA harbors 37 genes, i.e. 13 subunits of the respiratory chain 
 31 
 
(Fig.  1-1), 2 rRNAs and 22 tRNAs. Damages of the mtDNA affect the cellular maintenance 
and survival (Nugent et al., 2010). 
 
Fig. ‎1-1. The OxPhos complexes with mtDNA-encoded subunits indicated in red and nDNA-encoded 
subunits in blue. Complex II is the only complex solely encoded by the nDNA. Electrons (e
-
) flow along 
the respiratory chain and protons (H
+
) are translocation from the matrix into the intermembrane space via 
complexes I, III2, and IV. The proton gradient is used by complex V to produce ATP. (DiMauro, 2004) 
 
At the respiratory chain, reducing equivalents as NADH/H+ and FADH2, provided by the citric 
acid cycle, are oxidized by complex I and II, respectively, and respective electrons 
transferred via the respiratory chain complexes and mobile small electron carriers like 
coenzym Q (CoQ) and cytochrome c (Cyt c) to the oxygen reduction at complex IV (Fig.  1-1). 
During this transport protons are translocated across complex I, III2 and IV from the matrix 
into the intermembrane space. Free energy thus captured is subsequently used to drive a 
variety of cellular processes, most prominently the ATP synthesis by the ATP synthase 
(complex V of OxPhos complexes) (Siegbahn and Blomberg, 2008). The proton gradient 
(ΔpH, concentration difference over the membrane) and the membrane potential (Δψ) are 
forming together the proton motive force (Δp) essential for ATP production by the ATP 
synthase (Nicholls, 2003).  
By the OxPhos machinery 90% of the cellular oxygen is consume (Karthikeyan and Resnick, 
2005) and ATP generated. The electron transport chain is quite efficient but a small 
proportion of electrons reduce oxygen before reaching complex IV, leading to the formation 
of superoxide radical anions. Superoxide radicals are highly reactive and increasing the yield 
of reactive oxygen (ROS) species [0.2% of the consumed oxygen in mitochondria (Boveris et 
al., 1972)]. In mitochondria ~90% of the total cellular ROS is produced mostly by respiration 
(Kim et al., 2006). The intracellular generation of ROS is an inevitable (physiologically 
important) process (Skulachev, 1996). Mitochondria, which harbor the bulk of oxidative 
pathways, are packed with various redox-carriers that can potentially leak single electrons to 
oxygen and convert it into superoxide anion radicals, a progenitor ROS. The majority of ROS 
are produced at complex III2 and to a smaller extent at complex I (Andreyev et al., 2005; 
Dykens, 1994). In fact the source of oxidative stress is not the ROS generation but an 
imbalance of ROS production and antioxidant defense (Andreyev et al., 2005). To protect 
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mitochondrial DNA, lipids or proteins from oxidative damages, mitochondria possess 
numerous antioxidant systems. Nevertheless, mitochondria are the major source and 
therefore also the major target of ROS (Aquilano et al., 2006).  
The main demand of ATP is generated via the OxPhos machinery (up to the body weight per 
day). Mitochondrial disorders are the reason behind several age-related diseases as 
Parkinson’s or Alzheimer’s. Age-associated alterations of the mitochondrial proteome, 
especially of the OxPhos machinery, have been reported previously for numerous organisms 
and tissues from e.g. yeast/fungi (Pan and Shadel, 2009), worms/nematodes (Brys et al., 
2010), fly/insects (Le Pécheur et al., 2009) and rat and humans (mammals) [(Colindres et al., 
2008; Frenzel et al., 2010b; Gómez et al., 2009; Lombardi et al., 2009) and references cited 
therein]. There are abundance-changes of life sustaining proteins such as ATP synthase, 
individual respiratory chain complexes, and heat shock proteins as well as changes in 
protein-protein-interactions like in the assembly of individual complex I, III2 and IV in 
respiratory chain supercomplexes or ATP synthase oligomers. It has been demonstrated by 
Schäfer et al. (2006) that the formation of supercomplexes is increasing the specific enzyme 
activities of complexes involved and support their assembly and stability. Schäfer et al. 
(2007) also showed that supercomplex formation is not random as postulated by 
Hackenbrock et al. (1986) but follows specific stoichiometry that varies in composition 
between different organisms. They have been found the first time in bacteria (Berry and 
Trumpower, 1985) and later on in yeast and mammals (Schägger and Pfeiffer, 2000).  
The mitochondrial OxPhos machinery can be affected by numerous toxins, as e.g. 1-methyl-
4-phenylpyridinium (MPP+), directly inhibiting specific enzymes of the respiratory chain 
(Wernicke et al., 2010). Mitochondria are involved in cell death due to their pro-apoptotic role 
(Budd and Nicholls, 1998) that is e.g. induced by decreased ATP-level (Choi, 1996; Nicholls, 
2003), and numerous catabolic and anabolic pathways. 
A popular theory of ageing is the “Free Radical Theory of Ageing” established the first time 
by Harman (1956). According to this, reactive oxygen species (ROS) accumulate within an 
organism or cell over the time leading to biological damages and malfunction. This is still 
very controversial due to the fact that, e.g. in the cortex of young rats larger level of ROS-
induced oxidative modifications were present than in old (present study, Fig.  4-17 (Hutter et 
al., 2007)). An age-associated increase of ROS level was found in the brain of rats (Haripriya 
et al., 2004). ROS are ubiquitary and represent essential intermediates in oxidative 
metabolism. Nonetheless, when generated in excess, ROS can damage cells by peroxidizing 
lipids and disrupting structural proteins, enzymes and nucleic acids. Increased amounts of 
ROS are generated during a variety of cell stresses, including ischemia/reperfusion 
(Szabados et al., 1999), exposure to ionizing (Zahnreich, 2011) and ultraviolet radiation 
(Bossi et al., 2008) and/or inflammation (Hakim, 1993). They may contribute to inflammation 
and tissue damage. The level of oxidative damages of proteins (carbonylation of amino acids 
as arginine, proline or lysine; oxidation of tryptophan) can be analyzed. 
There are several enzymes activated during oxidative stress defending cells against ROS 
damage such as superoxide dismutases (SOD), catalases, lactoperoxidases, glutathione 
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peroxidases and peroxiredoxins. Abundance increase of these enzymes prolonged lifespan 
in Drosophila (Parkes et al., 1998) while a knock-down in human fibroblasts induced 
senescence (Blander et al., 2003). Small antioxidative molecules such as ascorbic acid 
(vitamin C), tocopherol (vitamin E), uric acid, and glutathione are additionally essential to 
control ROS levels (Krajcovicova-Kudlackova et al., 2008). In similar manner, polyphenol 
antioxidants assist in preventing ROS damage by scavenging free radicals (Vladimir-
Knezevic et al., 2011). Additionally, cells with damaged mitochondria begin to increase the 
population of healthy once, to balance the loss of defect cell organelles. Ageing is therefore 
often accompanied by a larger amount of mtDNA copy number (Toescu et al., 2000). 
Harman (1972) also postulated that mitochondria play an important role in ageing since most 
oxygen is consumed at the respiratory chain and most ROS generated.  
 
1.1.2 Complexity of brain ageing 
In all vertebrate and most invertebrate animals, the brain is the center of the nervous system 
(Shepherd, 1994) and controls voluntary motor function as well as induces secretion of 
hormones and neurotransmitters allowing fast adaption to outside influences. Except for 
some basic types of responsiveness like reflexes or simple motor patterns (e.g. swimming or 
walking) is every body function under centralized control of the brain (Grillner and Wallen, 
2002). The major part of the neurons is already present in a new born child. Within the first 
three years, the number of neuronal connection increases about 6-times. It was assumed 
until recently that the brain solely consists of post-mitotic cells. Currently it was demonstrated 
that also in the brain of adults neurogenesis occurs but to a less extent than pre-natal 
(Greenberg and Jin, 2006).  
The organization of the brain is highly complex and its functional principles are only minor 
understood. The structure of neurons is known and was analyzed in detail, but it still has to 
be disclosed how the neuronal network enables all brain functions, e.g. cognition. The brain 
is segmented in distinct brain areas (for vertebrates: medulla, pons, mesencephalon, 
cerebellum, telencephalon, diencephalon) (Kandel et al., 2000) and consists of two major 
classes of cells: neurons and glia (Peters, 2007). It is generally assumed that in the human 
brain contains 10-times more glia cells compared to neurons. But Azevedo et al. (2009) 
found out that both classes are present in the whole brain of primates and humans to the 
same extend but that the ratio varies between different brain regions. In the cerebral cortex, 
e.g., 4-times more glia cells are present compared to neurons (Azevedo et al., 2009). Within 
the group of neurons and glia cells it can be distinguished additionally between different cell 
types each characterized by its specific function. Signals are transmitted via the neuronal 
cells. They are consisting of a cell body containing the nucleus and a neuronal terminus 
connected by an axon isolated by myelin sheaths. The size of neurons varies. They can be 
rather small but also several centimeters long, connecting two brain areas (Kandel et al., 
2000). Parts of the brain containing high proportions of myelinated axons are called white 
matter and areas with mostly neuronal cell bodies gray matter. When analyzing e.g. protein 
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pattern of different brain areas one has to keep in mind that they are composed of different 
cells.  
 
Ageing of the brain can be accompanied by neurodegenerative disorders like Alzheimer‘s or 
Parkinson’s disease. Brain deficiencies affect the quality of life to a large extent. Possible 
causes are neuronal loss or shrinking of neuronal cells, both leading to reduction of the brain 
volume (Anderton, 2002). But in some brain areas like hippocampus neurogenesis occur that 
counterbalance a neuronal loss during e.g. ageing (Galvan and Jin, 2007; Lazarov et al., 
2010). Therefore, also other mechanisms (alterations in the metabolic state or energy 
production) are leading to age-associated diseases or deficits in brain maintenance (Miller 
and O'Callaghan, 2005).  
Besides other reasons, all cell types consume ATP to maintain their transmembrane Na+ and 
Ca2+-level due to constant inward leak across membranes. Neuronal cells additionally require 
a large amount of chemical energy to restore their ion gradients after forwarding electrical 
signals (Budd and Nicholls, 1998). The recovery is performed mainly via the Na+/K+-ATPase 
and the Ca2+-ATPase. While in normal cells, the Na+/K+ ATPase requires 40% of all cellular 
ATP, in neurons this enzyme is responsible for 2/3 of the cells energy expenditure. The 
major part of energy (i.e. ATP) needed is provided by mitochondria. Various 
neurodegenerative disorders (Parkinson’s, Alzheimer’s or Huntington’s diseases) or ageing 
are accompanied by mal-function of one more respiratory chain complexes or of the ATP 
synthase. Many diseases are characterized by a decrease in mitochondrial ATP generation 
(Budd and Nicholls, 1998) and often progressive loss of specific types of neurons. Neuronal 
cell death is caused therefore mostly by dysfunction in the OxPhos machinery (Henneberry, 
1997; Sohal and Sohal, 1991). Additionally, especially the brain is vulnerable to ROS 
according to its large ATP consumption but minor ability to repair (Ffrench-Constant and 
Mathews, 1994), also due to less efficient DNA repair system (Gredilla et al., 2008), high 
amounts of unsaturated fatty acids leading to increased level of peroxydation (Hoch, 1992) 
and only minor ROS defending mechanisms (antioxidative system) (Stadtman, 2006). In 
aged animals, abnormalities of the mtDNA and membrane properties observed were 
combined with depolarised membranes and decreased ATP level (Toescu, 2005). The 
number as well as size of mitochondria was found to decline during ageing in the brain 
(Sastre et al., 2003).  
The three brain areas often analyzed in e.g. ageing studies are the cortex, striatum and 
hippocampus. 
The cerebral cortex (often named as cortex solely) is the largest brain area and involved in 
memory, attention, perceptual awareness, thought, language and consciousness. This brain 
structure is forming the outer layer of the cerebrum in mammalian brain. It is quite complex 
and consists of six layers containing different types of cells (Kandel et al., 2000). Gray and 
white matters are visible in the cortex. The neurons within this large brain region are 
connected with other areas. In this case, the cell body is located in the cortex but the 
neuronal terminus in another region. The cortex is characterized by its large surface that is 
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highly folded. During ageing in some areas a large decrease in the neuronal number was 
observed in non-human primates (Smith et al., 2004). 
 
Fig. ‎1-2 Lateral view of a rat brain. The brain regions cortex, striatum and hippocampus are indicated. 
[picture modified according to Paxinos and Watson (1998)] 
 
The striatum is the main input structure of the basal ganglia (Ferre et al., 2010) and 
important for planning, modulation and connection of movement, motivation and emotion. 
Diseases related to impairment of the striatum are e.g. Chorea Huntington’s and Parkinson’s. 
The striatum is composed of several neuronal cell types (Yelnik et al., 1997): Medium spiny 
neurons (96%), Deiters' neurons (2%), cholinergic interneurons (1%), GABAergic 
parvalbumin expressing interneurons, GABAergic calretinin expressing interneurons and 
GABAergic somatostatin expressing interneurons. 
GABAergic parvalbumin and somatostatin expressing interneurons express dopamine 
receptors playing an important role in Parkinson’s disease and research. While the neuronal 
cell bodies of dopaminergic cells are mainly in the substantia nigra, the neuronal terminals 
are located in the striatum. 
The hippocampus is one of the oldest brain regions and a member of the limbic system 
located at the inner layer of the cortex. In ageing studies, the hippocampus represents a 
target of interest due to its almost conserved structure. This brain region is important for 
learning and memory (conversion from short-term to long-term memory). Postnatal structural 
development and alterations in hippocampus have been described in several studies 
(Lavenex et al., 2007). It is extremely vulnerable to psychosocial and environmental chronic 
adverse stress and ageing (Burger, 2010), leading to diseases such as e.g. Parkinson’s and 
Alzheimer’s (Cerqueira et al., 2007; Driscoll and Sutherland, 2005; Miller and O'Callaghan, 
2005; Rothman and Mattson). Cortex and hippocampus are interacting to form memory and 
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during learning processes. Loss of hippocampal activity is accompanied by a loss in memory 
storage (Nicholson et al., 2004). Restructuring of neuronal circuitry (shortening of dendrites 
and overall decrease in synapses number) occurs after adverse stress (Sousa et al., 2000) 
and impairment of hippocampal function during ageing and neurodegenerative processes 
was demonstrated (Billard, 2006; Laranjinha and Ledo, 2007). If volume-decrease occurs it is 
always age-related and predominantly due to changes in glia. Therefore, age-dependent 
decrease in hippocampal function may be related to neurobiological modifications e.g. in 
signalling, information encoding, electrophysiological or neurochemical properties (Miller and 
O'Callaghan, 2005) or energy metabolism. Especially in hippocampus, there is a large 
amount of glucocorticoids receptors. High concentrations of steroids, like e.g. 
glucocorticoids, involved in cellular stress response, affect the brain function, structure and 
neurogenesis (Belanoff et al., 2001; Porter and Landfield, 1998). In the hippocampus of 
adults, contrary to other brain regions, neurogenesis takes place (Altman and Das, 1965; 
Cameron et al., 1993; Kuhn et al., 1996), enabling recovery and response on external stress 
as well as maintenance of memory function. Cells are regenerating during life time and the 
brain area consists of a mixture of cells: young, middle aged as well as old. Neurogenesis in 
the hippocampus declines with age (Kuhn et al., 1996; Rao et al., 2005; Seki and Arai, 1995) 
but newly generated neurons at every age state display always same amounts of dendritic 
spines and afferent glutamatergic connections (Morgenstern et al., 2008). Additionally, in this 
brain area almost every cell type present within the brain was found and hippocampal cells 
are characterized by high plasticity (Nicholson et al., 2004).  
 
Ageing of the brain regions is distinct. In the prefrontal cortex as well as in the hippocampus 
e.g. age-associated neuronal loss was observed (Shankar, 2011) or the gray matter of some 
cortex regions and striatum are more affected than the hippocampus (Mrak et al., 1997). The 
number of neurons decreased about 30% in a region of the prefrontal cortex in aged non-
human primates (Smith et al., 2004). There are also differences in ageing of the brain 
regions between males and females (Murphy et al., 1996). But it is postulated that neuronal 
loss is not the only cause of brain ageing, since it occurs only in some areas. Instead it 
seems to be a result of several alterations affecting the brain function like: combination of 
altered mitochondrial function, accumulation of ROS and altered cellular calcium 
homeostasis (Harper et al., 1998). There are possibilities for maintaining the functionality of 
the brain, e.g. exercising of intellectual and physical activity or caloric restriction (CR) (Miller 
and O'Callaghan, 2003, 2005).  
 
1.1.3 The process of cellular ageing in vitro - senescence 
The smallest unit of all organisms independently from their evolutional level is the cell. Highly 
developed creatures like mammals consist of numerous different cell types. Each is 
characterized by its constitution and specific metabolic activity depending on its origin 
(Yotnda et al., 2010). The shape varies considerably, comparing i.e. neuronal cells with 
lymphocytes or skin fibroblasts. Cell culture experiments are performed to study general 
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functions and specializations of each cell type and its response to external stress, like 
irradiation or chemical treatment. Additionally, interactions between different cell types are 
studied in multilayer cultures. The results obtained are important to understand biochemical 
processes and pathways occurring in multicellular organisms. One very complex event 
affecting and involving all cells and organs is the ageing process. Cellular ageing is also 
called senescence. Senescent cells are characterized by a loss of ability to divide. 
According to Hayflick and Moorhead (1961) there are three growth stages in cell culture: 
Phase I is the primary culture immediately after extraction of cells from the explants. Phase II 
represents the period when cells divide in culture. When cells cover the whole surface of a 
flask, they stop multiplying. For continued cell growth, cells must be subcultivated and 
transferred into new culture flasks. Since cells divide continuously, further subcultivation is 
required and has to be repeated within few days. After several cell population doublings and 
subcultivation, cells start to divide slower marking the beginning of Phase III. Phase III is 
characterized by a reduced proliferation that may be followed by a cell growth arrest or cell 
death (Hayflick, 1985, 1994). In cellular or replicative senescence, cells are losing their ability 
to divide on an average of 50 cell doublings in vitro, known as Hayflick’s limit, e.g., induced 
by increased level of DNA damage or shortened telomeres. 
Within the growth stages, cells differentiate showing special morphological shapes 
(Bayreuther et al., 1988; Fournier et al., 1998). There are four types of proliferating, mitotic 
active fibroblasts and three types of post-mitotic fibroblasts not able to divide any more. 
External stress like irradiation or chemical treatment as well as different cultivation conditions 
(type of medium, additives, regularity of medium change and oxygen conditions) having 
influence on cell differentiation and may lead to premature senescence (Winter, 2007).  
Cell culture experiments may be used as in vitro model to unravel basic mechanisms 
common for both ageing and senescence. 
 
1.2 The biological effect of ionizing radiation 
Human cells are continuously exposed to ionizing radiation arising from natural sources on 
earth (i.e., Radon in rocks and construction materials, 40K in foods) and in space (the sun, 
supernovae and others sources in the universe), as well as artificial sources as nuclear 
power plant fallout or nuclear bombs that might have harmful effects on cell survival and 
maintenance. But the impact of irradiation on cells can be also helpful and used in medical 
radiation therapy, using photons or heavy ions in tumor therapy.  
Ionizing radiation is affecting the cell physiology by inducing DNA damages as single or 
double strand breaks. The type of radiation differs in their constituents (e.g. neutrons, 
carbon, nitrogen, protons or electrons) and in their energy. There is photon (X-rays and 
gamma) and particle radiation (neutrons, electrons, etc). The LET (Linear Energy Transfer, 
keV/μm) describes the energy in average that is released per distance along the track. 
Radiation, inducing ionization events densely distributed along their track, like heavy ions 
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(e.g. carbon) with a minimum LET value of 10 keV/µm, is defined as high-LET radiation. Low-
LET radiation (e.g. X-rays or gamma radiation) induces only minor ionizing events along the 
track that are homogenously distributed in the target. During ionizing events (minimum 
energy required 10 eV), irradiation induces via Coulomb force the release of valence 
electrons leading to an opening of chemical bonds (Kraft, 1987).  
The physical parameter describing the absorbed dose of ionizing radiation is gray (Gy). One 
gray is defined as the absorbance of one joule of ionizing radiation by kilogram of matter 
(e.g. cell tissue, equation 2.1) (Organisation Intergouvernementale de la convention du 
Mètre, 2006).  
 
       
 
  





Gy = gray (SI unit)                                 (2.1) 
J = joule 
Kg = kilogram of matter 
 
For both densely and sparsely ionizing radiation the number of the most harmful double 
strand breaks is comparable (Heilmann et al., 1995), but successful double strand break 
repair is more likely after low LET than after high LET exposure (Heilmann et al., 1996; 
Taucher-Scholz et al., 1996). Different spatial distribution of ionizing events characteristic of 
the radiation type is suggested to influence the ability of the cell to repair these damages.  
Dense and sparse ionizing radiations have different biological effects (qualitative and 
quantitative) when applicated in comparable dose due to their specific deposition of energy 
(Mehnati et al., 2006). 
For the time after irradiation when repair processes occur, cell proliferation is decelerated. If 
these damages are not repaired or repaired in an incorrect manner, cells undergo growth 
arrest and/or enter the cascade of cellular death (apoptosis). The relative biological 
effectiveness (RBE) is describing how specific radiation types affect an organism to different 
extent. The RBE is defined generally via the ratio of absorbed dose of a reference radiation 
(mostly X-rays, with 250 kV energy) to the dose of the test radiation type when both showing 
the same biological effect (equation 2.2) (Krieger, 2007). 
 




DX : absorbed dose of reference radiation                           (2.2) 
DT : absorbed dose of test radiation type  
both leading to same effect 
 
It was demonstrated that, dependent of origin or type, cells show different radiosensitivity. 
While mainly post-mitotic neuronal cells are characterized by large radioresistence, mucosal 
cells with high proliferation rate are extremely radiosensitive. The radiosensitivity additionally 
changes during the cell cycle due to changes in the size of the nucleus and chromatin 
structure (Sinclair, 1968). 
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Ionizing radiation is used as a medical tool to cure cancer (Blakely and Kronenberg, 1998; 
Tsujii et al., 1994; Wachsberger et al., 2003; Weichselbaum et al., 1983). In tumor tissue, the 
balance between cell division and cell death is disturbed. Cells lost their ability to undergo 
cell growth arrest and apoptosis and proliferate continuously. Exposure of tumor cells to 
heavy ions or photons of high-energetic X-ray Bremsstrahlung leads to cell death. Tumors 
located at delicate positions for surgical operation can be often cured by the alternative 
application of radiation therapy. The effect of radiation on healthy cells still has to be 
analyzed in detail, since during radiation therapy also healthy tissue surrounding the tumor is 
exposed to discrete dose amount. In contrast to high-energetic photons, releasing 
exponentially the energy per unit penetration depth, heavy ions depose their maximal dose at 
the end range (Bragg peak), whereby the healthy tissue receives relatively small doses. 
 
 
Fig. ‎1-3. Depth dose curve, showing the absorbed dose deposited by different radiation beams into water 
on the way of their track. In contrast to photons (18 MeV), Co-γ-radiation and X-rays, the heavy ion 
radiation decreases only to a small extent until the end of its penetration depth where at the Bragg-
maximum high doses are released [figure modified according to Weber (1996)] 
 
Only when applying microbeam, a method allowing targeted irradiation, e.g. one single hit 
inside the nucleus can be induced. But in general, with X-ray or heavy ion radiation the whole 
cell (cytoplasm and nucleus) is exposed homogeneously to the ionizing radiation. Proteins in 
the cytosol are in general present in several numbers and with short half-lifetime of 9.3 days 
(liver) to 24.4 days (brain) (Menzies and Gold, 1971). Damages can therefore be 
counterbalanced and defect proteins are replaced. But disruption of DNA affects to a large 
extent the physiological state of a cell (Munro, 1970). Hence the biological effectiveness 
results mostly from alterations of the DNA. The majority of studies analyzing the effect of 
ionizing radiation concentrate solely on damages of chromosomal DNA. But as described in 
chapter  1.1.1 approximately 1% of the total DNA within a cell is of mitochondrial origin. 
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Mitochondrial DNA is much more vulnerable to irradiation damages due to its less developed 
DNA protection and repair system. Mitochondrial dysfunctions are related to several 




It is known that ionizing radiation is harmful for cells and multicellular organisms (Ina and 
Sakai, 2004). It is generally assumed that no threshold for the harmful effect of radiation 
exists. However, following the theory of radiation hormesis (Wolff, 1998), low-dose (Luckey, 
1982) and high-dose (Yonezawa et al., 1996; Yonezawa et al., 1990) radiation induce e.g. 
also enhanced growth rate, prolonged life span (Lorenz et al., 1955) – also after lethal high-
dose irradiation (Yonezawa et al., 1996; Yonezawa et al., 1990) – increase function of the 
immune system (Anderson and Lefkovits, 1979; Liu, 1989; Liu et al., 1987), increased 
resistance to oxygen toxicity (Lee and Ducoff, 1989). Hormesis as mechanism is unproven 
right now but there are numerous evidences supporting this theory. Petin et al. (2003) had 
analyzed the effect of chronic and acute ionizing radiation on the ageing process and cell 
survival of eukaryotic and prokaryotic cells. An increased lifespan and survival after chronic 
ionizing radiation was demonstrated for bacteria and yeast after recovery from potentially 
lethal acute radiation. 
The term hormesis is not only used for cellular response on irradiation but also on exposure 
to toxins or other stressors. According to ageing it is suggested that mild stress is resulting in 
anti-ageing effects (Rattan, 2008). In several studies, mild stress is induced by e.g. calorie 
restriction, irradiation or exposure to oxidants (Dani et al., 2009; Gems and Partridge, 2008; 
Le Bourg and Rattan, 2008; Rattan, 2008). 
 
1.2.2 Neutron scattering experiments 
This chapter is based on the research proposal “Characterisation of functional molecular 
dynamics in cells under different ageing states” to obtain neutron beamtime at the neutron 
spectrometer IN13 at the Institut Laue-Langevin (ILL) in Grenoble (France) and was 
formulated in cooperation with Thomas Hauss (Helmholtz-Zentrum Berlin für Materialien und 
Energie GmbH), Judith Peters (ILL), Andreas Stadler (ILL), Joseph Zaccai (ILL) and Marion 
Jasnin (ILL).  
The relevance of molecular dynamics for the understanding of biological activity was 
established in recent years. Neutron scattering has contributed important experimental 
information to this research field, a prominent example is the discovery of the “dynamical 
transition” in protein dynamics (Doster et al., 1989). The method is uniquely sensitive to the 
appropriate ranges of length and time scales of atomic and molecular motions centered 
around 1 nm and 1 ps, respectively, with which molecular dynamics simulations can be 
compared directly. Inelastic neutron scattering experiments specifically probes the motion of 
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1H atoms because of the exceptional large incoherent neutron cross-section (Sears, 1992) 
and provide measured values of mean square displacements <u2>. As hydrogen atoms are 
evenly distributed in biological matter, the method of inelastic neutron spectroscopy gives an 
average view on structural fluctuations. The systems studied, from biological molecules to 
cells in different environments, are extremely complex in their structural and dynamic 
heterogeneity. Their full dynamic description in a purely physics approach is practically 
impossible.  
The usual aim of a study in biology is to understand how systems evolved having different 
properties fulfilling their specific biological functions. A methodological approach adapted to 
the complexity of biological systems is based on identifying significant experimental 
parameters similar in different systems and correlated with their respective functions and 
activities. Neutron scattering experiments were evolved to reveal such general, overall 
present parameters (Zaccai, 2000) and applied to analyze the molecular dynamics in cells 
adapted to extreme environments (Jasnin et al., 2008).  
The neutron spectroscopy focuses on internal dynamics in macromolecules, dynamics 
related to the properties that make a macromolecular structure stable, with the appropriate 
flexibility to ensure activity. Two parameters are measured: mean fluctuation amplitude 
related to flexibility and mean force constant related to stability. Because of the way 
experiments are conducted, samples need not be crystalline or monodisperse. In a complex 
system the two parameters reflect mean behavior. In experiments on bacteria, the 
parameters were dominated by the behavior of proteins, and their comparison for bacteria 
living in various extreme conditions permitted to propose a dynamical interpretation of the 
adaptation (Tehei et al., 2004). Hence, the proteins in each organism are studied not only in 
order to be stable under the extreme conditions, but also in order to have the appropriate 
quantitative flexibility for activity. 
Analysis of whole cells is a big challenge, since living cells consists of many different 
proteins, DNA, membranes and other constituents. It is a priori not clear if a global 
measurement like neutron spectroscopy is sensitive to dynamical changes in different stages 
of a cell. Additionally, hydrogen atoms of the cell water and the surrounding buffer increase 
the ratio of the background to the signal dramatically due to their incoherent contribution 
during neutron experiments. To decrease background signals cell cultures or the organism of 
interest (bacteria, yeast, etc) have to be cultivated before in deuterated solutions, that 
hydrogen atoms are replaced by deuterium. If this is not possible, samples should be 






2 Chemicals, Materials and Analytical Tools 
2.1 Chemicals 
Chemicals Manufacturer/Catalogue number 
Acetic acid 100% p.a. Sigma P-2772 
Acetonitrile  Roth 4722.1 
Activated carbon Roth 5963 
Adenosine triphosphat (ATP) Sigma A-3377 
Annexin-V-Fluos Staining KIT  Roche Diagnostics 11 858 777 001 
6-aminohexanoic acid Fluka 07260 
Ammonium bicarbonate  Fluka 09832 
Ammonium persulfate (APS) Fluka 9915 




protein-free T20 (PBS) Blocking Buffer Thermo Scientific 37573 
5-Bromo-4-chloro-3-indolyl phosphate (BCIP) Roth A155.2 
Bromophenol blue  Fluka 18030 
BSA (bovine serum albumin) Sigma A-6003 
CASYTON solution Schärfesystem 
Catalase Sigma C-40 
Colcemid (N-methyl-N-deacetyl-colchicine) Roche Diagnostics 10295892001 
Coomassie
®
 Brilliant Blue G-250 Serva 35050 
Coomassie
®
 Brilliant Blue R-250 Fluka 27186 
Copper(II) sulfate pentahydrate p.a. Merck 2790 
α-cyano-p-hydroxy cinnamic acid  Sigma C-2020 
Cytochrome c (horse heart) Fluka 30397 
3,3'-Diaminobenzidine (DAB) Sigma D-5637 
2‘-7‘-Dichlorodihydrofluorescein diacetate (DCDHF) Sigma-Aldrich D6883 
Digitonin high purity (charg. Nr. B58163) CalBioChem 300410  
Digitonin high purity (charg. Nr. 5H007912) AppliChem A1905 
Dihydroethidium (DHE) Anaspec 85718 
N,N-Dimethylformamide (DMF) Merck 2937.0500 
Disodium hydrogen phosphate Fluka 71642 
1,4-Dithiotreitol (DTT) p.a. Roth 6908 
EDTA-Trypsin-solution (0.05% Trypsin, 0.1% EDTA) PAN Biotech GmbH P10-027500 
EMEM with EBSS (Bio WhittakerTM) Cambrex Bio Science 
Ethanol abolut p.a. Merck 101986 
Ethanol spoilt Stock of chemistry department 
Ethylenediaminetetraacetic acid (EDTA)/Na
+
 Sigma 8043.3 
Fetal bovine serum (FCS) Merck 
Formaldehyde (35%, aqueous solution) Roth 7398 
Giemsa's azur eosin methylene blue solution Merck 109204 
Glutamine (N-acetyl-L-alanyl-L-glutamine) Biochrom AG K 0302 
Glycerol Roth 7530 




HMW Callibration Kit for native gel electrophoresis Ammersham Bioscience 17-0445-01 
Hoechst 33 342 Sigma Aldrich 14533 
Imidazole AppliChem A1073.1000 
Iron(III) chloride hexahydrate Merck 1.03943 
LMW Callibration Kid for SDS gel electrophoresis Ammersham Bioscience 17-0446-01 
Magnesium chloride p.a. Fluka 63068 
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Chemicals Manufacturer/Catalogue number 
Magnesium sulfate p.a. Applichem A1037 
2-Mercaptoethanol  Sigma M-6250 
Methanol spoilt Stock of chemistry department 
Methanol p.a. Roth   
Milk powder blotting grade Roth T145.3 
Potassium acetate Fluka 60034 
Potassium chloride Merck 104936 
Potassium ferrocyanide (III) Fluka 60299 
Sodium carbonate p.a.  Roth 3746 
Sodium chloride Roth 3957.1 
Disodium hydrogen phosphate Fluka 71642 
Monosodium phosphate dihydrate Roth T879.1 
Sodium thiosulfate  Fluka 72048 
sodium hydroxide solution Merck 1.05589.0250 
Nicotinamide adenine dinucleotide (NAD) Sigma N4256 
Nitro blue tetrazolium chloride (NBT) Fluka 74032 
Oxyblot
TM
 Protein Oxidation Detection Kit Chemicon S7150 
PAGE Blue
TM
 Staining Solution Fermentas R0579 
PBS
-/-
 Dulbecco Biochrom AG L 182-01/05/10/50 
Pefabloc
®
 SC Biomol 50985 
Penicillin/streptomycin (1000U/1000 µg/mL) Biochrom AG 
Bovine serum albumin (BSA) fraction V Roth 8076.1 
Sodium succinate dibasic hexahydrate Sigma s2378 
Protease-Inhibitor-Cocktail Sigma P-8340 
Roti
®
-Block Roth A151.2 
Rotiblue
®
 Roth A152.1 
Roti
®
-Block 2A Roth P037.1 
Roti
®
-Block 2K Roth P038.1 
Roti
®
-Blue Roth A152.1 
Roti
®
-Nanoquant Roth K880.1 
Rotiphorese
®
 Gel A Roth 3037 
Rotiphorese
®
 Gel B Roth 3039 
Rotiphorese
®
 Gel 29:1 Roth A515.1 
Hydrochloric acid (suprapur) Merck 9.975 
Hydrochloric acid p.a., 37% fuming Roth 317 




Silver nitrate Roth A1376 
Sodium dodecyl sulfate (SDS) Roth 2326.2 
Succinate Sigma 3/149 
SYPRO Ruby
®
 Staining Solution Bio Rad 170-3125 
TEMED (tetramethylethylenediamine) Roth 4995.1 
Trifluoroacetic acid (TFA)  Fluka 91701 
Tris(hydroxymethyl)-aminomethan (Tris) Roth 6977.3 
N-(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine (Tricin) Roth 5429.3 
Trypsin, Sus scrofa, sequencing grade, methyliert, TPCK-treated  Promega V5111 
Tween
®
 20 Roth 9127.1 






1. Antibodies (Western Blot) 
Antigen host Manufacturer Dilution 
mitofilin  rabbit Novus Biologicals 1:5000 
prohibitin rabbit Santa Cruz Biotechnology 1:200 
superoxide dismutase 1 (internal part) rabbit antikörper-online.de 1:1000 
 
2. Antibodies 
Antigen host type Manufacturer Dilution 





Blue-Cap-Greiner 15 mL Greiner 
Blue-Cap-Greiner 50 mL Greiner 
Cuvette acryl, slice thickness 1 cm, ½ micro cuvette Sarstedt 
Eppendorf cups Eppendorf 
Kimwipes-Science Roth 
Membrane filter RC 58; 0.2 µm Roth 
96-well-microtiter plate Millipore 
Sequi-Blot
TM




Zip-Tip, µC18 Tip-size P10 Millipore 
 
 
2.4 Software and Bioinformatics Tools 
Data Explorer, Applied Biosystems 
Delta2D Version 3.3 - 3.6, Decodon 
Fujifilm LAS-3000, Fuji 
GS-800 Calibrated Densitometer, BioRad 
Image Reader LAS-3000 2.1, Fuji 
ORIGIN 6.0, Origin Lab Corporation 
Photoshop 5.1 Service Pack 2, Microsoft 
QuantityOne Version 4.4.0 (2000), BioRad 
UVProbe Version 1.11 (2000), Shimazu 







Balance H 54 Sartorius 
Balance R 200 D Sartorius 
Centrifuge rotor F34-6-38 Sorvall 
Centrifuge rotor Microliter rotor 24x2 mL Alu Heraeus 
Centrifuge Eppendorf A-4-44 Eppendorf 
Centrifuge 5804 R Eppendorf 
Counting chamber Neubauer Marienfeld  
Dosimeter SN4 PTW Freiburg 
Dual Gel caster SE 245; Mighty small Hoefer 
Flowcytometer PAS III Partec 
Gel electrophoresis apparatur Hoefer
TM
 SE250; Mighty small Amersham Biosciences 
Gel electrophoresis apparatur Hoefer
TM
 SE400 Amersham Biosciences 




 Amersham Biosciences 
Gel preparation apparatur Minipuls 3 Abimed Gilson
®
 
Gel preparation apparatur Minipuls 3 Gilson
®
 
Glass-Teflon-Homogenisator tight fitting, 2 mL (slit width: 45-65 µm) Braun 
Gradient mixer Mechanics of the chemistry 
department 
Homogenisator prime mover Braun 
Luminescent Image Analyser; LAS-3000 Fuji 
Luminometer 1251 BioOrbit 
MALDI-MS Voyager-DE Pro Applied Biosystems 
MALDI-sample plate V 700666 Applied Biosystems 
pH-elektrode blue line 14 pH Schott 
pH-Meter Schott 
Power Supply EPS 301 Amersham Biosciences 
Power Supply EPS 601 Amersham Pharmacia 
Power Supply EPS 3501 XL Amersham Biosciences 
Rotilabo Mikropistill Roth 
Scanner GS-800 Calibrated Densitometer Bio-Rad 
Spectrometer Polarstar Galaxy  bmG 
Table centrifuge Biofuge Pico Heraeus 
Transblot SD Semi-Dry Transfer cell BioRad 
UV-Vis Spectrometer UV-2401 PC  Shimazu 
Water processing system Simplicity Millipore 
X-ray tube isovolt DS1 Seifert 
 
 
2.6 Animals (Rattus norvegicus) 
2.6.1 Rat brain areas for ageing studies 
Male Wistar rats were obtained from Charles River (Sulzfeld, Germany). They were housed 
four animals per cage at the Charité Berlin (Prof. Rommelspacher) in an artiﬁcial 12-h light–
dark cycle with food and water ad libitum. Rats were cared and handled in accordance with 
the guidelines of the European Union Council (86/609 EU) for the use of laboratory animals. 
The animal housing was performed in a specific artificial surrounding without any contact to 
common obligate or facultative pathogens (SPF), i.e. exogenous or endogenous parasites, 
Mycoplasma or Pasteurella. The study was approved by the Animal Care and Use 
Committee of the Senate of Berlin, Germany (GeschZ. 0273/ 03). Two age-groups 
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comprising four animals each, were included in this study: 4 to 6 month old (young rats) and 
28 month old (aged rats).  
The dissection of brain areas – cortex, striatum and hippocampus (each from the right 
hemisphere) – and immediate isolation of mitochondria from non-frozen tissue was 
performed by Regina Hill (Technical Assistent of Prof. Rommelspacher, Charité Berlin).  
 
2.6.2 Rat brain striatum as animal‎model‎of‎Parkinson’s‎disease 
Male Wistar rats (with an initial body weight of 280–300 g) were obtained from Charles River 
(Sulzfeld, Germany). The rats were housed under conditions as described in chapter  2.6.1 
for at least 7 days until surgery.  
Three groups of rats with different treatment were included in this study. All animals received 
via cannula placement – implanted subcutaneously under anaesthesia – infusions into the 
anterior part of the left cerebral ventricle via an Alzet® osmotic mini-pump. The first group 
was treated for 28 days with MPP+ (0.284 mg/kg/day) and subsequently with 9-me-BC 
(0.105 mg/kg/day) for 14 days. The second group received MPP+ for 28 days followed by 
saline for 14 days. The third group was sham-operated twice at an interval of 28 days. At the 
end of the 42 day infusion, all animals were killed. Their brains were dissected on ice and 
divided in two parts at the level of the caudal hypothalamus. Mitochondria have been isolated 
by Regina Hill (group member of Prof. Rommelspacher, Charité Berlin) from the anterior part 
containing the striatum immediately upon dissection of brain areas without preceded freezing 
of tissue. 
All experiments were performed in accordance with the National Institutes of Health Guide 
for the care and use of laboratory animals (Publication no. 85–23, revised in 1985) and were 
approved by the Animal Care and Use Committee of the Senate of Berlin (Registration no. 
G-0129/04) (Wernicke et al., 2010). 
 
2.7 Cell cultures 
2.7.1 Cell‎culture‎as‎model‎for‎Parkinson’s‎disease 
The effect of 1-methyl-4-phenylpyridinium (MPP+) and of the putative neuroprotectant 9-
methyl-beta-carboline on the mitochondrial proteome was analyzed on HEK-(h)DAT cells. 
HEK-(h)DAT cells are human embryonic kidney cells containing the stable transfected 
human dopamine transporter that is stable expressed (Storch et al., 1999).  
Cell culturing of HEK-(h)DAT cells was performed at the Charité Berlin (group of Prof. 
Rommelspacher) with incubator adjustment of 5% CO2, 21% atmospheric oxygen, 100% 




2.7.2 Cell lines applied for long term experiments 
The three cell lines (Table  2-1) utilized in this study are normal human dermal fibroblasts of 
different origin: skin, foreskin and lung. They are non-permanent and characterized by 
contact inhibition. They undergo biological ageing also referred to senescence.  
 
Table ‎2-1. Cell lines applied for long term cell culture experiments [normal human dermal fibroblasts 
(NHDF), human dermal fibroblasts (AG1522D) and fetal lung fibroblasts (WI38)] 
Cell line Tissue Age of the donor company 
CPD at the beginning 
of experiments 
NHDF Skin 10 days (postnatal) 
Cell Systems (St. 
Katherinen, BRD 
25.8 
AG1522D Foreskin 3 days (postnatal) 
Coriell Institute of 
Medical Research 
Camden (NJ, USA) 
24.4 
WI38 Lung 12 weeks (fetal) 





2.7.3 Cell line applied for neutron scattering experiments 
For neutron scattering experiments BHK 21 (Syrian hamster kidney fibroblast) were used. 
The cells were provided by the lab of Prof. Dr. Peter Friedl at the Technische Universität 
Darmstadt and pre-cultivated by Anke Imrich. The culture medium (1:1 mixture of Dulbecco’s 






3.1 Cell culture conditions for long term experiments 
Employed cell lines of fibroblasts are of human origin and not immortal. They are growing – 
in contrast to tumour cells – in culture dishes as monolayer and are contact inhibited. Upon 
contact with neighbour cell, growth arrest is induced followed by cell death (Seluanov et al., 
2009). Therefore, cells have to be replaced continuously to ensure continuous cell 
proliferation. 
Cells were cultured in Eagle’s MEM (PAN system, Bio-Whittaker) containing 10% foetal calf 
serum (Biochrom), 1% glutamine and penicillin/streptomycin [pen.: 105 U/l; strep.: 0.01% 
(w/v)]. Incubator adjustment was set to 5% CO2, 21% atmospheric oxygen and 100% 
humidity. After irradiation, cells (irradiated cells as well as non-irradiated) were subcultured 
the first day and then every two weeks until proliferation slowed. Afterwards, passages 
occurred every three weeks. Passages were done at the beginning or at the end of the week. 
If the cell splitting was performed e.g. on Monday, a medium change was done on Friday and 
vice versa. In weeks without cell splitting medium changes occurred on both on Monday and 
on Friday. During passage, the medium was discarded and the cell layer washed with 1 to 
2 mL of Trypsin/EDTA. The cells were detached by adding 2 mL of Trypsin/EDTA for 5 min 
at 37°C. The separation was controlled with the aid of a microscope and the reaction of 
Trypsin terminated by addition of twice the volume of the medium. After determining the 
numbers of cells per milliliter with the cell counter Casy or counting chambers, cells have 
been seeded again (5 x 105 cells per 75 cm2 culture flask).  
At each passage the cumulative population doubling (CPD) was determined according to the 
mathematical equation (4.1): 
          
  
   
  
   
 
 
Ah = amount of cells harvested               (4.1) 
As = amount of cells seeded 
The calculated amount of cell divisions from seeding until the further cell splitting is always 
added to the population doubling at the time of seeding (CPDs). The CPD is important to 
gauge the ageing status of a non-permanent cell culture.  
The storage of cell suspension occurred in liquid nitrogen. After detachment with trypsin, 
separation and counting, cells were frozen suspended in culture medium (20% fetal calf 
serum and 10% glycerol) at a concentration of 1.8 x 106 cells/ml in a specific freezing box 
with two walls. Isopropyl alcohol was filled between these two walls allowing cooling of 
suspensions with 1°C/min at -80°C. For longer storage cryo tubes are placed in a liquid 
nitrogen container the following day. For revitalizing, cells were thawed and transferred to 
culture flasks with medium that was pre-warmed to 37°C. A change of medium was 
performed after approx. 4h incubation time. The percentage and number of cells attached 
after thawing was determined in approximation in advance by counting cells attached to the 
  
50 
bottom of cell culture flasks and unattached cells in the medium. This step is important to 
calculate the CPD at the further passage 
 
3.2 Irradiation of cell culture 
After thawing, the first passage was performed 2 to 3 days later. At the second passage, one 
week later and approximately ten days before irradiation, cells were seeded with a density of 
3000-7000 cells/cm2. Only confluent cells were exposed to X-rays (250 kV, 16 mA, 8 Gy) or 
carbon ions (100 MeV/u, 2 Gy, Unilac). Confluency is referred as a state when the ground is 
completely covered by cells arrested in G0/G1-phase. 
Besides irradiated cells, also control cells were used. Controls are treated identically except 
irradiation, i.e. duration of stay outside the incubator, medium changes with identical medium 
composition (e.g. lack of foetal calf serum or other additives). 
3.2.1 X-ray irradiation 
For X-ray irradiation the X-ray tube Isovolt DS1 (Seifert, Bridge Port, USA) with a wolfram 
anode was used. The voltage was set to 250 kV (1 keV/µm) with a current flow of 16 mA. To 
exclude longer wavelengths, a filter system consisting of 7 mm beryllium, 1 mm aluminium 
and 1 mm copper was utilized. To obtain homogeneous irradiation, the distance was 
adjusted to the size of the cell culture dishes and controlled with the dosimeter SN4 (PTW 
Freiburg). 
During irradiation with a dose of 8 Gy (approx. 1 Gy per min) cell culture flasks (75 cm2) 
remained in horizontal position for approximately ten minutes at room temperature and 
atmospheric conditions. Thereafter, they were immediately returned to the incubator without 
further medium change. After 24 hours the first passage was performed. As described in 
chapter  3.1 at the beginning of the experiment cell replacement was done every two weeks 
and thereafter when cell proliferation slowed down at an interval of three weeks. 
3.2.2 UNILAC irradiation 
Low-energy irradiation with carbon ions (100 MeV/u, LET 170 keV/µm, 2 Gy) was performed 
at the UNILAC [Universal Linear Accelerator, Gesellschaft für Schwerionenforschung (GSI), 
Darmstadt, Germany]. To achieve a specific dose during irradiation, cells are irradiated 
several times in short intervals with a previously calculated number of pulses. 
For carbon ion radiation at the UNILAC cells were seeded 10 days before the experiment 
with a density of 2000 cells/cm2 in petri dishes (Ø = 35 mm). Approx. 30 min before 
irradiation medium was removed and collected (used to refill petri dishes after the 
experiment) and culture dishes placed in a vertical position in a specific repository filled with 
medium (without foetal calf serum). The repository was closed, transported in a transport box 
to the irradiation facilities and opened again under sterile conditions. During irradiation 
procedure, petri dishes were lifted up automatically one after the other inside the carbon 
beam and irradiated in this vertical position without being covered by medium as low 
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energetic carbon ions possess only small penetration depth (approx. 400 µm at 9.8 MeV/u). 
After irradiation of all petri dishes, the repository was closed again and transported back 
inside a laminar hood. Cells at the lower edge of the petri dishes had to be removed using 
sterile Q-tips. These cells were not irradiated due to the small penetration depth of carbon 
ions, as they were still covered with small amounts of medium that was not emptied out 
during positioning of the cell culture dish inside the beam. After covering of cells with the 
medium collected before irradiation petri dished were placed in the incubator for 24 hours. 
Thereafter, the first passage was performed and cells were seeded for long-term cell culture 
in 75 cm2 flasks. Sub-culturing occurred every second week and every three weeks when 
cells began to slow down in proliferation.  
Controls were treated the same way as irradiated cells except for irradiation and the 
accompanied lifting of petri dishes outside the repository. 
 
3.3 Cell culture experiments with elastic incoherent neutron 
scattering 
The macromolecular dynamics of cells were analysed on Syrian baby hamster kidney cells 
(BHK 21, chapter  2.7.3), by using elastic incoherent neutron scattering on IN13 (Grenoble, 
France). BHK cells are characterized by a doubling time of only 10 hours at the maximum 
growth rate. They were used due to their high proliferation rate and their known sensitivity for 
apoptosis inducing additives utilized in this experiment. 
Two experiments were performed that differs in the way the cells were transported to the 
experimental facility (IN13, ILL, Grenoble, France). For the first (15.-18.06.2009) experiment, 
cells were harvested and pelleted via centrifugation (at 800 g, 5 min, RT) one or two days 
before the experiment in the laboratory at the Technische Universität Darmstadt (Germany) 
and stored at 4°C until final sample preparation. For the second experiment (26.08.-
6.09.2009) cells were transported in cell culture flasks one week before the experiment to 
France and were harvested immediately before exposure to neutrons. In general, the sample 
preparation was similar both experiments.  
After discarding the medium, remaining medium was removed by washing with 5 mL  
PBS-/- in D2O. Cells were removed from the flasks, resuspended in 2 mL PBS
-/-/D2O, 
collected and pelleted by further centrifugation (800 g, 5 min, RT). The cell sediment was 
washed twice with PBS-/-/D2O. At this stage, cells were stored at 4°C for the transport to ILL 
in Grenoble (France) for the first experiment. For each measurement, 500-700 mg of this cell 
pellet was placed in a sterile flat gold-coated sample holder. During the experiment the 
sample holder was tightly closed. In the first experiment (June 2009), each sample was 
about 24 hours in the beam and in the second (September 2009) 4 hours – for each 
temperatures higher than 296 K (300 K, 304 K, 307 K, 315 K) – and until 12 hours for lower 
temperatures (280 K, 288 K, 296 K). Every lower temperature was also measured for 4 hours 
but immediately after each other without changing the sample. After exposure to neutrons, 
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cells were re-cultivated to analyse their survival. Experimental setup was chosen that allowed 
surviving of control cells to a large extent. 
For elastic incoherent neutron scattering experiments, cells were treated with different 
additives before harvesting to induce distinct metabolic states, e.g. normal and apoptotic. 
Apoptosis was induced 24 hours before exposure to neutrons in confluent cells, by addition 
of both the peptide H-RCYVVM-OH in DMSO (0.5 mM, final concentration) and 
camptothecine (5 µM, final concentration) or solely camptothecin to serum free cell culture 
medium. The peptide is an activator of the CD47 complex [Cluster of Differentiation 47 
(Brown and Frazier, 2001)] while camptothecin prevents DNA re-ligation and therefore 
causes DNA damage by binding to the topoisomerase type I/DNA complex. This binding 
prevents DNA re-ligation and is leading to DNA damage and apoptosis (Redinbo et al., 
1998).  
 
3.4 Isolation of mitochondria 
To ensure isolation of mitochondria from tissue or cell culture in their native state, all buffers 
are isotonic and ice cooled. To protect proteins from degradation or oxidation protease 
inhibitor cocktail (PIC) as well as the antioxidant cocktail SCAVEGR® (Brewer et al., 2004) 
were utilized during homogenization as described in Frenzel (2006). Both are added freshly 
to the homogenization buffer at the day of preparation. SCAVEGR stock solution consists of 
superoxide dismutase (2.5 µg/mL), catalase (5 µg/mL), vitamin E (1 µg/mL), vitamin E 
acetate (1 µg/mL), reduced glutathione (1 µg/mL) und albumin (1 mg/mL). All buffers are 
sterile-filtered. 
 
3.4.1 Isolation of mitochondria from rat brain 
Homogenization buffer 
5 mM HEPES/NaOH, pH 7.4 




in MilliQ water, stored at -20°C 
 
 
Isolation of mitochondria from rat brain was performed on ice immediately upon dissection of 
non-frozen tissue. The brain tissue was homogenized in a motor driven, micropistill 
homogenizer (9 strokes, 600 rpm) with 4 volumes of homogenization buffer (i.e. 
1 g tissue/4 mL buffer) containing 0.5% (v/v) protease inhibitor cocktail (Sigma P8340) and 
2% (v/v) SCAVEGR (BrainBitsLLC/USA) on ice. After centrifugation at 1300 g (3 min, 4 °C) 
the supernatant containing the mitochondria was collected. To increase the yield, the pellet 
was washed twice with homogenization buffer (1500 g, 4 °C, 3 min). To collect the 
mitochondria, the merged supernatants were centrifuged at 17,000 g (10 min, 4 °C). The 
pellet was suspended in homogenization buffer (containing 0.5% PIC and 2% SCAVEGR). 
Aliquots of the mitochondrial fraction were shock-frozen in liquid nitrogen and stored at -
80 °C.  
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3.4.2 Isolation of mitochondria from cell culture 
 
Homogenization buffer 




in MilliQ water, stored at -20°C 
 
Sucrose 
2 M sucrose 






140 mM    NaCl 
8.1 mM     Na2HPO4 
2.7 mM    KCl 
1.5 mM    KH2PO4 
pH 7.4, in MilliQ water, stored at 4°C 
 
Isolation of mitochondria from cell cultures was performed on ice following a modified 
protocol by Rickwood et al. (1987). After discarding the medium, flasks were washed with 
PBS-/- and cells removed after covering with 1 mL homogenisation buffer containing 0.5% 
protease inhibitor cocktail (Sigma P8340) and 2% (v/v) SCAVEGR (BrainBitsLLC/USA). For 
mitochondria isolation, cells of 15 to 30 flasks (75 cm2 each) were collected in centrifugation 
tubes. Upon centrifugation (700 g, 5 min, 4°C, swing-out rotor) the cell sediment was 
homogenized in a motor driven, glass/Teflon homogeniser (volume 2 mL, gap distance: 45-
65 µm, Braun) with 2 mL homogenization buffer (9 strokes, 800 rpm). To minimise swelling of 
mitochondria and to retain their function and structure, 2 M sucrose was added immediately 
to achieve an iso-osmotic final concentration of 0.25 M. The homogenate was sedimented at 
1700 g (10 min, 4 °C) and the supernatant containing the mitochondria collected. To increase 
the yield, the pellet was washed twice with homogenization buffer containing 0.25 M sucrose 
(1700 g, 4 °C, 10 min). To collect the mitochondria, the merged supernatants were 
centrifuged at 13,700 g (10 min, 4 °C). The pellet was suspended in homogenization buffer 
containing 0.25 M sucrose. Aliquots of the mitochondrial fraction were shock-frozen in liquid 
nitrogen and stored at -80 °C.  
To obtain 1 mg of mitochondrial protein approx. 4.4 x 107 cells (determined for NHDF, 
AG1522D and WI38 cell lines) have to be used. 
 
3.5 Bradford assay 
The methodology to determinate protein concentrations via Bradford assay (Bradford, 1976) 
is described in detail in Frenzel (2006). With Roti®-Nanoquant solution (Fig.  3-1) samples 
with protein concentrations from 1 ng/µL can be detected (Roti®-Nanoquant manual, Roth, 
Karlsruhe). To determine protein concentrations from unknown samples, changes in the 





3.5.1 Protein determination from tissue and cell culture samples 
The protein determination was performed in microtiter plates (96 wells) as described by 
Frenzel (2006). The BSA standard with a stock concentration of 400 µg/mL was diluted in a 
range of 0 ng/µL-25 ng/µL for calibration curves. Samples were pre-diluted before protein 
determination (final dilution 10%). Dilutions of samples are shown in Table  3-1.  
Table ‎3-1. Dilution of samples (10-times pre-diluted) for Bradford assay 
dilution V (sample) [µL] V (MilliQ) [µL] 
-- 0 50.0 
1:20 2.5 47.5 
1:10 5.0 45.0 
1:7 7.5 42.5 
1:4 12.5 37.5 
1:2 25.0 25.0 
 
200 µL 1x Roti-Nanoquant working solution was added to 50 µL sample/standard and 
determination of CBB absorbance was performed with the Microtiter-Reader Polarstar 
Galaxy (absorption wavelengths: λ = 590 nm and λ = 485 nm) after 25 minutes incubation 
time at room temperature. MilliQ water was used as blank. The ratio of absorbance 
(590 nm/485 nm) of the BSA standard was versus the known BSA concentrations to enable 
determining the unknown protein concentration of samples. Duplicates of each dilution for 
both standard and sample were prepared. Relative protein concentrations were verified by 
comparing protein amounts loaded on 1D-SDS gels after staining with colloidal Coomassie 
Brilliant Blue G-250, gel scanning and quantitation. 
 
3.6 Solubilisation of proteins 
The solubilisation of proteins of mitochondrial membranes was described in detail by Frenzel 
(2006). In the present study the non-ionic detergent digitonin was utilized. It consists of a 
hydrophobic steroid skeleton and sugar residues as its hydrophilic part (Smith and Pickels, 
1940). Digitonin allows gentle solubilisation preserving protein function and protein-protein 
interactions (Frenzel et al., 2010b; Krause et al., 2005). The optimal detergent to protein ratio 
for efficient solubilisation has to be determined at the beginning of each experiment. It 
depends on the type of sample (e.g. originating from tissue or cell culture, as there are 
variations in the lipid composition of membranes) and detergent (i.e. its molecular properties) 





3.6.1 Solubilisation of mitochondrial membranes 
 
Solubilisation buffer (1.11x) 
33.33 mM HEPES/HCl, pH 7.40 
166.67 mM potassium acetate 
11.11% (w/v) glycerol 








in MilliQ water, stored at -20°C 
 
10% digitonin 
10% (w/v) digitonin 
Dissolve in 9-fold the volume (w/v) of MilliQ 
water, dissolved for 20 min at 90°C,  
freshly prepared the day of solubilisation 
 
 
Solubilisation of mitochondria was performed at 4 °C according to Reifschneider et al. (2006) 
for 30 minutes using 2, 4 and 8 g digitonin/g protein at a final detergent concentration of 1% 
(w/v). The digitonin was of high purity and freshly dissolved the day of solubilisation. Crude 
mitochondrial were thawed and homogenisation buffer removed by adding 800 µL 
solubilisation buffer and centrifugation (20,800 g, 8 min, 4°C). The sediment containing 
mitochondria was resuspended in solubilisation buffer containing 0.5 mM Pefabloc (freshly 
added). Solubilisation was started by adding detergent in the required detergent to protein 
ratio and final concentration. During solubilisation, the extract was mixed every 5 minutes 
with a vortexer. Solubilized proteins were separated as detergent mixture (supernatant) from 
membrane fragments via centrifugation (20,800 g, 4°C, 10 min). 
 
3.7 Polyacrylamide gel electrophoresis 
The methodology of polyacrylamide gel electrophoresis (PAGE) was described in detail by 
Frenzel (2006). In the present study so-called discontinuous gels were utilized (Davis, 1964; 
Ornstein, 1964). They consist of a stacking gel with larger pores followed by the separating 
gel with smaller pores. During electrophoresis, samples are first focused in the stacking gel, 
which leads to increased resolution in protein separation and decreased protein aggregation. 
Additionally, gradient gels, characterized by a separation gel with continuously decreasing 
pore size, were used which increases the resolution of protein bands (Seelert and Krause, 
2008).  
 
3.7.1  Blue-native polyacrylamide gel electrophoresis (BN-PAGE) 
The BN-PAGE allows separation of proteins in their native form due to omitting SDS in 
buffers. BN-gels are gradient gels composed of a stacking gel with large pores and a 
separating gel with pores that are gradually decreasing in size. The extent of the gradient 
can be manipulated (Krause and Seelert, 2008; Seelert and Krause, 2008). In BN-PAGE, 
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Coomassie Brilliant Blue G-250 is present in the cathode buffer binding to proteins almost 
proportional to their size. The intrinsic charge of amino acid residues is masked by the 
negative charge of CBB molecules with minor effects on protein structure or protein-protein 
interactions. Hence proteins are separated according their molecular mass and enzyme 
activity can still be determined in in-gel activity tests. 
 
Light BN-PAGE gel buffer (3x) 
1.5 M 6-aminohexanoic acid 
75 mM imidazole/HCl, pH 7.0 
in MilliQ water, stored at 4°C 
 
Heavy BN-PAGE gel buffer (3x) 
1.5 M 6-aminohexanoic acid 
75 mM imidazole/HCl, pH 7.0 
60% (w/v) glycerol 
in MilliQ water, stored at 4°C 
 
BN-PAGE sample buffer 
50 mM Bis-Tris/HCl, pH 7.0 
5% (w/v) Coomassie Brilliant Blue G-250 
500 mM 6-aminohexanoic acid 
in dest. water, stored at RT in the dark 
 
BN-PAGE anode buffer 
25 mM imidazole/HCl, pH 7.0 
in bidest. water, stored at 4°C 
 
BN-PAGE cathode buffer 
50 mM Tricine 
7.5 m imidazole 
0.02% (w/v) Coomassie Brilliant Blue G-250 
pH 7.0 
in bidest. water, stored at RT; 
dye is resolved by stirring over night;filtered  
 
  10% (w/v) Ammonium persulfate (APS) 
  in MilliQ water, stored up to 2 months at 
  −20°C. Always used freshly thawed solution. 
Linear gradient gels with a total acrylamide concentration of 4–13% overlaid with a 3.5% 
stacking gel for large gels were used for rat brain cortex, striatum and hippocampus for large 
gels (Table  3-2) allowing separation of proteins from 100 kDa to 3 MDa (Frenzel et al., 
2010b). Protein extracts from cell culture were separated on small BN-gels with a gradient of 
3-13% and a stacking gel of 3% (Table  3-3) (Dani and Dencher, 2008; Krause and Seelert, 
2008; Neff and Dencher, 1999; Reifschneider et al., 2006).  
Table ‎3-2. Composition of BN polyacrylamide separating and stacking gels (large size: 
16 cm x 18 cm x 1.5 mm) 
 
separating gel 
T = 4%, C = 3% 
separating gel 
T = 13%, C = 3% 
stacking gel 
T = 3.5%, C = 3% 
Rotiphorese
®
 Gel A 1.9 ml 0.71 mL 1.7 mL 
Rotiphorese
®
 Gel B 0.89 mL -- 0.79 mL 
Rotiphorese
®
 Gel 29:1 -- 4.28 mL -- 
Light BN gel buffer (3x) 4.9 mL -- 5.0 mL 
Heavy BN gel buffer (3x) -- 4.94 mL -- 
MilliQ water 7.0 mL ad 14.78 mL 7.4 mL 
TEMED 6.8 µL 4.1 µL 11.9 µL 
APS 86 µL 41 µL 119 µL 





Table ‎3-3. Composition of BN polyacrylamide separating and stacking gels (small size: 
10.0 cm x 8.2 cm x 1.5 mm) 
 
separating gel 
T = 3%, C = 3% 
separating gel 
T = 13%, C = 3% 
stacking gel 
T = 3%, C = 3% 
Rotiphorese
®
 Gel A 1.44 ml 0.71 mL 1.45 mL 
Rotiphorese
®
 Gel B 0.67 mL -- 0.68 mL 
Rotiphorese
®
 Gel 29:1 -- 4.28 mL -- 
Light BN gel buffer (3x) 4.94 mL -- 5.0 mL 
Heavy BN gel buffer (3x) -- 4.94 mL -- 
MilliQ water 7.6 mL 4.8 mL 7.6 mL 
TEMED 6.8 µL 4.1 µL 20 µL 
APS 68 µL 41 µL 200 µL 
Total volume 14.72 mL 14.77 mL 14,95 mL 
 
The linear gradient of the separating gel was established using a gradient mixer from the 
bottom up in the gel chamber as described by Krause and Seelert (2008). Separation of rat 
brain mitochondrial proteins occurred on gels with a size of 16 cm x 18 cm x 1.5 mm. Sample 
buffer was added immediately before loading of a sample into the well of the gel with a ratio 
of 2 volumes sample buffer per 1 volume of digitonin in the sample. 
Gel electrophoresis of large gels was performed at 4°C. Initially, voltage was set to 100 V 
and current to 15 mA until the blue-colored front was migrated to the separating gel, 
indicating that the proteins were completely present in the stacking gel matrix. Thereafter the 
voltage was set to 500 V. Once 20-25% of the total distance was completed, the cathode 
buffer containing 0.02% (w/v) CBB G-250 was exchanged for cathode buffer with 0.002% 
(w/v) CBB G-250 in order to reduce the background staining of the gel matrix. For small gels 
the exchange step was omitted and only 0.002% (w/v) CBB G-250 cathode buffer and a 
maximum voltage of 250 V was used. These gels were water-cooled. Electrophoresis was 
stopped when the dye front has reached the end of the gel. 
For mass calibration, high molecular weight (HMW, Table  3-4) protein standard was used. 
Hence solubilized membrane proteins or protein complexes are surrounded by detergent 
molecules as well as some residual lipids (both influencing the migration behavior); the HMW 
(mixture of water soluble proteins) solely helps to estimate the molecular mass of separated 
membrane proteins.  
 
Table ‎3-4. Protein mixture of high molecular weight standard 
protein Molecular mass [kDa] 
thyroglobulin (pork) 669 
ferritin (horse) 440 
catalase (bovine) 232 
lactate dehydrogenase (bovine) 140 




3.7.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS-PAGE employs sodium dodecyl sulfate (SDS) an ionic detergent that denature proteins 
and masks their intrinsic charge [average ratio of 1.4 g SDS per g protein (Lottspeich and 
Engels, 2006)]. Hence, after addition of a saturating amount of SDS, proteins have identical 
negative charge per unit mass allowing separation according to apparent mass. The large 
negative charge also prevents protein aggregation. The distance migrated by proteins in the 
gel is proportional to the logarithm of the molecular mass over a large range. This is utilized 
to determine the molecular mass of separated proteins by comparison with a molecular mass 
standard of water soluble proteins. 
 
3.7.2.1 2D-Tricine SDS polyacrylamide gel electrophoresis 
After the native BN-PAGE a denaturing SDS gel electrophoresis can follow (Krause and 
Seelert, 2008; Schagger and von Jagow, 1987). Lanes from the ﬁrst dimension BN-PAGE 
are excised and analyzed by a second dimension SDS–PAGE that allows separation of 
peptides with a molecular mass of 1-100 kDa. This enables a more detailed analysis of 
proteins or subunits of protein complexes. Following native BN-PAGE, gels were cut in lanes, 
incubated in denaturing solution, containing 1% (v/v) mercaptoethanol and 1% (w/v) SDS, for 
1h. After incubation, the lanes were embedded in a new gel matrix (5% stacking gel). In 2D-
SDS gels, subunits are separated according to their molecular mass in a vertical line below 
the position of the protein complex in the first dimension (i.e. the BN-PAGE lane). Protein 
complexes from the first dimension can be identified due to their specific subunit pattern in 
the second dimension. 
 
Denaturing solution 
1% (v/v) β-mercaptoethanol 
1% (w/v) SDS 
in MilliQ water, stored at -20°C 
 
SDS gel buffer (3x) for stacking gels 
3 M TrsHCl, pH 8.5 
0.15% (w/v) SDS 
in MilliQ water, stored at RT, sterile-filtered 
 
Cathode puffer for 2D-Tricine-SDS gels 
100 mM Tris 
100 mM Tricine 
0.05% (w/v) SDS 
pH 8.25, in bidest. water, stored at 4°C 
 
Anode buffer for 2D-Tricine-SDS gels 
100 mM Tris/HCl, pH 8.9 
in bidest. water, stored at 4°C 
 
SDS gel buffer (3x) for separation gels 
3 M Tris/HCl, pH 8.5 
0.15% (w/v) SDS 
30% (w/v) glycerol 
in MilliQ water, stored at RT, sterile-filtered 
 
 
Washing of the BN-gel stripes in with MilliQ water after incubation in denaturing solution is 
crucial because mercaptoethanol affects the polymerization of acrylamide. The BN-gel lane 
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was positioned on top of a gel chamber. Three gel layers were casted from bottom to top: (1) 
13% denaturing separation gel, (2) 5% denaturing stacking gel and (3) 5% native stacking 
gel (surrounding the BN-gel stripe) The composition of two large (16 cm x 18 cm x 1.5 mm) 
and four small 2D-SDS (10.0 cm x 10.5 cm x 1.5 mm) gels is shown in Table  3-5. 










 Gel A 2.6 mL 1.62 mL 1.62 mL 
Rotiphorese
®
 Gel B -- 0.75 mL 0.75 mL 
Rotiphorese
®
 Gel 29:1 17.6 mL -- -- 
SDS gel buffer (3x) with glycerol 20.0 mL -- -- 
SDS gel buffer (3x) without glycerol -- 3.30 mL -- 
BN gel buffer (3x) -- -- 3.30 mL 
20% (w/v) SDS -- -- 100 µL 
MilliQ water 19.5 mL 4.28 mL 4.13 mL 
TEMED 30 µL 5 µL 7 µL 
APS 300 µL 50 µL 70 µL 
total volume 60 mL 10 mL 10 mL 
 
For calibration of protein mass and normalization of protein staining for quantitative analysis, 
low molecular weight (LMW) protein standard (Table  3-6) was applied on each gel in equal 
amount.  
Table ‎3-6. Protein mixture of low molecular weight standard 
protein Molekular mass [kDa] 
phosphorylase b 97.0 
albumin 66.0 
ovalbumin 45.0 
carbonic anhydrase 30.0 
trypsine inhibitor 20.1 
α-lactalbumin 14.4 
 
Gel electrophoresis was performed at 20-50 V, 60 mA, until the dye front entered the 
separation gel. Then the voltage was increased to 100-130 V. The electrophoresis was 
stopped when all CBB G-250 left the gel matrix. 
 
3.7.2.2 One dimensional SDS polyacrylamide gel electrophoresis (1D-SDS-PAGE) 
One dimensional denaturing SDS-PAGE was performed as described by Frenzel (2006) 
using a 5% stacking and 13% separation gel (Table  3-7) and Laemmli Tris-HCl/Tris-glycerol 
buffer system (Laemmli, 1970) allowing high resolution protein separation. Protein-protein 
interactions as well as the structure of individual proteins were destroyed using high SDS 
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concentrations and disulfide bonds were broken adding β-mercaptoethanol or dithiothreitol 
(DTT) in the sample buffer. 
In the present study 1D SDS PAGE was used either (1) as a tool to verify protein 
concentrations determined in preceding Bradford assays after protein staining with colloidal 
CBB, or (2) to calculate solubilisation efficiency by analyzing the respective amount of protein 
present in the sediment and detergent extract, respectively, after solubilisation, as well as (3) 
for further Western Blot/OxyBlot analysis. 
 
Stacking gel buffer 
1 M Tris/HCl, pH 6.8 
in dest. water, stored at RT 
 
Separation gel buffer 
1.5 M Tris/HCl, pH 8.8 
in dest. water, stored at RT 
 
5% SDS solution 
5% (w/v) SDS 
in dest. water, stored at RT 
 
Electrophoresis buffer 
400 mM glycerol 
50 mM Tricine 
0.1% (w/v) SDS 
pH 8.5, in dest. water, stored at RT 
 
SDS sample buffer 
15% (w/v) sucrose 
2.5% (w/v) SDS 
0.25% (w/v) sodium carbonate 
0.04% (w/v) bromophenol blue 
25 mM DTT 
in dest. water, stored at -20°C 
 
Before adding SDS, APS and TEMED, the mixture of acrylamide, cross linker, buffer and 
water was degassed for 10 to 15 minutes to avoid on one hand the formation of air bubbles 
that may appear during polymerization, especially in thin 1 mm deep gels used in a following 
Western Blot analysis. On the other hand oxygen affects the polymerization. Thick mini-gels 
with 1.5 mm depth were utilized for analysis of solubilization efficiency and Bradford control 
gels. 
 








 Gel A 8.32 mL -- 
Rotiphorese
®
 Gel B 5.20 mL -- 
Rotiphorese
®
 Gel 29:1 -- 1.25 mL 
1.5 M separation gel buffer 5.00 mL -- 
1 M stacking gel buffer -- 1.25 mL 
20% (w/v) SDS 100 µL 50 µL 
MilliQ water 1.20 mL 7.34 mL 
TEMED 15 µL 10 µL 
APS 150 µL 100 µL 




Before applying the wells, samples were mixed with an equal volume of SDS sample buffer. 
Protein sediments that were analyzed for determination of solubilization efficiency were 
solved in 5% (w/v) SDS with 50 µL SDS per 100 µg protein before solubilisation. 
Electrophoresis was performed at 50 mA/gel and 100 V until proteins had entered the gel 
matrix completely. Then the voltage was increased to 130 V. 
 
3.8  In-gel activity assay 
3.8.1 NADH coenzyme Q reductase (complex I) 
Complex I is visualized in in-gel activity tests in native-gels by the violet color of formazan. 
Formazan is emerging when NBT (nitro blue tetrazolium chloride) is reduced by electrons 
released during oxidation of NADH by the NADH coenzyme Q reductase provided that native 
gel electrophoresis was performed. The activity test was carried out according to Kuonen et 
al. (1986) and Grandier-Vazeille and Guerin (1996) with modified buffer conditions. 
 
Working buffer for complex I activity assay 
100 mM Tris 
768 mM glycerol 
0.04% (w/v) nitro blue tetrazolium chloride (NBT) 
0.1 mM β-NADH 
pH 7.4 (HCl), in MilliQ water, stored at -20°C 
 
The specific procedure for buffer preparation is described by Frenzel (2006). Gels were 
incubated in the working solution on a shaker for approx. 1h (RT). The reaction was stopped 
by washing the gel with MilliQ water several times. Gels may be stored after protein fixation 
using 50% (v/v) methanol and 10% (v/v) acetic acid for 10 min. 
 
3.8.2 Succinate dehydrogenase (complex II) 
The in-gel activity test of complex II has been performed in an analoguous manner as the 
test for complex I with sodium succinate as substrate for succinate dehydrogenase.  
 
Working buffer for complex II activity assay 
100 mM Tris 
768 mM glycerol 
0.04% (w/v) Nitro blue tetrazolium chloride (NBT) 
1 mM Sodium succinate dibasic hexahydrate 




Gels were incubated for approx. 3h until optimal staining. The reaction was stopped by 
washing the gel several times with MilliQ water. Gels may be stored after protein fixation 
using 50% (v/v) methanol and 10% (v/v) acetic acid for 10 min. 
 
3.8.3 Cytochrome c oxidase (COX) (complex IV) 
Electrons from DAB are utilized in the oxidation of ferrocytochrom c catalyzed by COX. 
Therefore, complex IV can be detected in in-gel activity tests due to the dark brown color of 
oxidized DAB, i.e. precipitates of polymeric DAB oxides or DAB indamines. In this thesis, the 
protocol of Angermüller and Fahimi (1981), modified by Zerbetto et al. (1997), was applied.  
 
Working buffer for complex IV activity assay 
50 mM NaH2PO4/Na2HPO4/HCl, pH 7.4 
25 mg DAB tetrahydrochloride 
25 mg cytochrome c (horse heart) 
0.5 mg catalase (bovine liver) (20-25 units/mL) 
3.75 g sucrose 
in 50 mL MilliQ water, stored at -20°C 
 
Gels were incubated on a shaker for 1 to 1.5 hours until sufficient staining intensity was 
achieved. The reaction was stopped by washing the gel with MilliQ water several times. Gels 
may be stored after protein fixation using 50% (v/v) methanol and 10% (v/v) acetic acid for 
15 minutes. 
 
3.8.4 ATP synthase (complex V) 
Determination of complex V ATPase activity was performed according to Zerbetto et al. 
(1997). The γ-phosphate released during ATP hydrolysis reacts with the lead ions of the 
reagent to form insoluble lead phosphate which can be detected as white precipitate in the 
gel. The hydrolysis reaction is catalyzed by the ß-subunit of the ATP synthase. Therefore, 
not only complex V monomers or oligomeric forms but also unbound F1 (the soluble subunit 
of ATP synthase) is detected. 
 
Working buffer for complex V activity assay 
35 mM Tris/HCl, 7.8 
270 mM glycerol 
14 mM magnesium sulfate 
0.8 mM ATP 
0.05% (w/v) lead(II) nitrate 




ATP was added after adjusting the pH. The reaction was stopped with MilliQ water after 1 to 
12 hours. 
 
3.9 Protein staining in gels 
3.9.1 Staining with Coomassie Brilliant Blue R-250 
Visualization of proteins with CBB R-250 (Fig.  3-1) in gel matrices was devised by Fazekas 
de St. Groth et al. (1963) the first time. CBB R-250 is binds cationic and hydrophobic amino 
acid residues semi-quantitatively. Hence proteins containing these residues are stained more 
efficiently. The detection limit is approximately 0.3 µg protein per lane (Gorg et al., 1978). 
 
  
Fig. ‎3-1. Coomassie Brilliant Blue G-250 (A) und R-250 (B).  
In contrast to CBB R-250 (right), CBB G-250 (left) contains two additional methyl groups (indicated in 
blue). Image source: (Krause, 2004) 
 
 




10% (v/v) acetic acid p.A. 
45% (v/v) methanol 
0.15% (w/v) Coomassie Brillant Blue R-250 
in dest. water, stored at RT 
 




10% (v/v) acetic acid p.A. 
25% (v/v)  methanol 
in dest. water, stored at RT 
 
 
Polyacrylamide gels were incubated in the Coomassie staining solution for 20-40 min (or 
over-night) with gentle shaking for even exposure. Fixation of proteins occurs in addition 
caused by methanol and acetic acid. After staining, gels were incubated in destaining 





3.9.2 Colloidal Coomassie staining 
Colloidal Coomassie staining enables detection and quantitation of protein amounts at the 
nanogram-level with low background but high sensitivity. 
 
3.9.2.1 Fermentas staining 
The PageBlueTM protein staining solution (Fermentas) with colloidal CBB G-250 allows 
protein quantitation in 1D SDS gels with a detection limit of 5 ng and a linear dynamic range 
of 5 ng-500 ng. Small background staining can be removed by several washing steps with 
MilliQ water. Harmful substances like methanol and acetic acid are not necessary in this 
protocol (manual Fermentas). 
Gels were washed three times in 100 mL MilliQ (for subsequent MALDI-MS analyses) or 
dest. water to remove residual buffer solution. Fermentas staining solution was added for 
60 minutes or over-night (incubation on a shaker). Background and excess staining was 
removed using water. 
 
3.9.2.2 Roti®-Blue staining 
With Roti®-Blue staining solution, proteins separated on polyacrylamide gels can be stained 
with a detection limit of <30 ng/protein and low background staining (Roti®-Blue manual). The 
dye also contains colloidal CBB G-250. 
Gels were incubated over night (15h) in 1x Roti®-Blue staining solution and then washed in 
25% (v/v) methanol (in bidest. water) for 5 minutes.  
 
3.9.3 Silver staining according to Blum 
This staining procedure is very sensitive with a detection limit of 1-10 ng, depending on the 
protocol employed but without a large dynamic range. It is a caveat of this method that silver 
staining is non-quantitative, due to the fact that every protein is characterized by its own 
staining intensity and color, and also less reproducible. Application of clean glassware, pure 
reagents and water of highest purity increases the staining quality. 
In the present study the silver staining protocol of Blum (1987) was used, as it allows further 
identification of proteins by MALDI-MS. The detection limit is 5-30 ng protein per band. For 






1. Fixation 1:  2 x 30 min 
12% (v/v)   acidic acid 
50% (v/v)   methanol 
 
2. Fixation 2:  3 x 20 min 
50% (v/v)   ethanol 
 
3. Sensitation:  1 x 1 min 
0.02% (w/v)   Na2S2O3•5 H2O 
 
4. Washing:  2 x 1 min 
   Dest. H2O 
 
5. Silver staining:  20 min 
0.2% (w/v)   AgNO3 
0.026% (v/v)   formaldehyde (35% stock solution) 
 
6. Washing:  1 x 1 min 
 Dest. H2O 
 
7. Developing:  until sufficient staining intensity 
6% (w/v)  Na2CO3 
0.005‰ (w/v)  Na2S2O3•5 H2O 
0.017% (v/v)  formaldehyde (35% stock solution) 
 
8. Stop 1:  washing in dest. H2O for a short time 
 
9. Stop 2:  1 x 10 min 
10% (v/v)  acetic acid 
 
10. Storage:  max. one day 
1% (v/v)  acetic acid 
 
 
3.9.4 SYPRO Ruby® staining 
For proteome analysis with protein quantitation in polyacrylamide gels (2D SDS gels in this 
study, but also applicable for 1D SDS) the fluorescent dye SYPRO Ruby with a large linear 
quantitation range of 3.3 orders of magnitude and a detection limit of 1 ng protein/spot  is 
used (Wheelock et al., 2006). SYPRO Ruby consists of an organic component and a heavy 
metal component (ruthenium complex) (SYPRO Ruby manual) with excitation peaks at 
~280 nm and ~450 nm and an emission maximum near 610 nm. It binds SDS-protein-
complexes with high sensitivity (Soehn, 2009) and without background signals. In contrast to 
silver staining, proteins are stained quantitatively (i.e. proportional to the protein amount) with 
SYPRO Ruby. Additionally, proteins difficult to stain using other methods (i.e. glycoproteins, 
lipoproteins and Ca+-binding proteins) can be stained with SYPRO Ruby. Nucleic acids, 
lipopolysaccharides, lipids and glycolipids are not or only to a minor extent visualized. 
SYPRO Ruby staining does neither affect further protein staining protocols nor protein 






1. Fixation:  3-4 h or over night 
10% (v/v) methanol 
7% (v/v) acetic acid 
2. Staining:  3-4 h 
pure staining solution 
3. Washing:  10 min 
10% (v/v) methanol 
7% (v/v) acetic acid 
 
Gels were placed in bidest water after washing. The SYPRO Ruby signal was analyzed 
using the Fujifilm LAS-3000 with a CCD camera and the software “Image Reader LAS-3000”. 
Excitation wavelength was set on 460 nm (blue diode). For detection of the fluorescent signal 
the filter for 605 nm (band pass) and an iris of F0.85 was utilized.  
 
3.10  Western blot analysis 
The protocol for Western blot analysis was developed by the laboratory of George Stark at 
the Stanford university (Burnette, 1981). The Western blot is a method to detect 
immunologically specific proteins in a sample from tissue homogenate or extract. After 
protein separation under both native and denaturizing conditions in polyacrylamide matrices, 
proteins are transferred to a membrane (e.g. nitrocellulose or PVDF), where they are 
detected with specific targeted antibodies targeted against a special epitope of the protein of 
interest (Renart et al., 1979; Towbin et al., 1979). 
In the present study Western blotting was utilized to detect specific protein species and 
proteins with specific posttranslational modifications (e.g. carbonylation). Denaturing 1D-
SDS-PAGE was performed using 5% stacking and 13% separation gel (as described in 
chapter  3.7.2.2) and the Laemmli buffer system (Laemmli, 1970). Protein amounts of 2.5-
20 µg were loaded per lane. 
 
3.10.1 Electro-blotting (semi-dry) 
Electro-blotting is applied to transfer proteins from a gel onto a membrane using an electric 
current. During this procedure, proteins are transferred maintaining the sequence they were 
separated into by PAGE. Electro-blotting (semi-dry) of proteins onto a PVDF membrane was 




Anode transfer buffer 
10% (v/v) Roti®-Blot 2A  
5% (v/v) methanol p.A. 
in MilliQ water, stored at RT 
 




20% (v/v) methanol p.A 
in MilliQ water, stored at RT 
 
  
Following electrophoresis, 1D SDS gels were incubated in electrophoresis buffer for 
15 minutes (chapter  3.7.2.2) on a shaker. For blotting, the PVDF membrane was dipped into 
100% (v/v) methanol and placed on a Whatman filter paper, wetted with anode transfer 
buffer and laid on the anode of the blotting device (Fig.  3-2). Next the gel was positioned on 
the membrane, thereon was put a second layer of Whatman filter paper wetted with cathode 
transfer buffer and the lid (cathode). During this stacking it was taken care to prevent the 
formation of air bubbles between the layers. 
 
 
Fig. ‎3-2. Setup for semi-dry electro-blotting 
 
Blotting occurred at RT for 45 minutes at 25 V and 1 mA/cm2 membrane. The efficiency of 
the protein transfer was checked by staining the gels with Roti®-Blue after blotting. 
 
3.10.2  Immunodetection of proteins with alkaline phosphatase 
Proteins transferred to PVDF membranes were visualized by antibodies (immunodetection). 




0.188 M  NaH2PO4•2 H2O 
0.81 M Na2HPO4 
1.45 M NaCl 
in bidest. water, stored at 4°C 
 
1x PBS-T 








Membranes were incubated for 1 hour or overnight (at RT, under gentle agitation) in Roti®-
Block blocking buffer to prevent unspecific binding of primary antibodies on the membrane 
(background staining). In the next step, blocking solution is replaced by the primary antibody 
(incubation for 1h, at RT, on a shaker), which ideally binds solely its antigenic target protein, 
i.e. with high specificity. Unbound antibodies are removed by two washing steps using 
1x PBS-T at RT, followed by 15 minutes shaking at RT and two final washing steps with 1x 
PBS and 5 minutes shaking incubation. Membranes were incubated again for 1 hour (at RT, 
on a shaker) with the secondary antibody that is directed at the species-specific, conserved 
portion of the primary antibody and was labeled with the enzyme alkaline phosphatase (AP) 
in the present study.  
AP catalyzes the dephosphorylation of 5-bromo-4-chloro-3-indolyl phosphate (BCIP), which 
then forms dimers. Protons released during dimerization reduce nitroblue tetrazolim (NBT) in 
a colorimetric reaction that yields an insoluble dark blue diformazan precipitate. Compared to 
other enzymes, the advantage of alkaline phosphatase is that - due to the fact that its 
reaction rate remains linear in time - the sensitivity or the staining intensity can be improved 
simply by allowing the reaction to proceed for a longer time period. The disadvantage is that 




100 M  Tris 
10 M MgCl2 
100 M NaCl 
pH 9.5, in bidest. water, stored at 4°C 
 
Solution B 
37.5 µL BCIP [5% (w/v) in bidest water] 
50 µL NBT [7.7% (w/v) in 70% DMF) 
both solutions stored at -20°C, freshly  
added the day of preparation 
 
 
The colorimetric reaction was started after adding the mixture of solution A (10 mL) and B to 
the membrane and stopped by adding water. 
 
3.10.3  OxyBlot 
A specific application of Western Blot is the OxyBlot that allows the immunoblot detection of 
carbonyl groups introduced into proteins by oxidative reactions with reactive oxygen species 
or ozone or oxides of nitrogen or by metal catalyzed oxidation. With this assay 5 femtomol of 
carbonyl residues can be detected. 
The carbonyl groups are derivatized to 2,4-dinitrophenylhydrazone (DNP) by reaction with 
2,4-dinitrophenylhydrazine (DNPH) before protein separation on 1D SDS gels. Two aliquots 
of each sample were treated (Fig.  3-3). One aliquot was subjected 15 minutes at RT to the 
derivatizing reaction and the other, as negative control, was treated with the 1x 





Fig. ‎3-3. OxyBlot assay 
 
Additionally a positive control was prepared. BSA (Fraktion V) was exposed to highly 
oxidizing conditions to ensure at least one strong signal for immunodetection. Iron ions serve 
as catalysts during protein oxidation. From the positive control, also two aliquots were 
prepared. One aliquot was derivatized and the other treated with the control solution. 
 
Buffer for positive control 
25 mM  HEPES 
25 mM ascorbic acid (Na-salt) 
100 µM FeCl3 
pH 7.2, in bidest. water, stored at RT 
 
Dialysis buffer 
50 mM HEPES 
1 mM EDTA 
in bidest. water, stored at RT 
 
 
BSA (10 mg/mL) was incubated for 5h at 37°C in the buffer for positive control. Thereafter, 
Fe3+ ions were removed by dialysis over night with gentle stirring (1 mL oxidized protein 
solution per 1 L dialysis buffer). The positive control was stored at 4°C. 
Protein separation was performed on 1D SDS gels (chapter  3.7.2.2). The procedure of 
Western Blot is similar to the one as described in chapter  3.10.1 except for the membrane 
incubation before blotting. Instead of methanol 95% (v/v) ethanol was used. After electro 
blotting, membranes were blocked with 1% (w/v) BSA in 1x PBS-T. The primary antibody 
against DNP of the OxyBlot assay was diluted likewise in 1% (w/v) BSA in 1x PBS-T. 
 
3.11  Quantitation of protein abundances  
Quantitation of protein bands on 1D BN-gels was performed using a GS-800 calibrated 
densitometer (BioRad) and Quantity One Software (BioRad, Version 4.4.0). Protein staining 
intensities of colloidal CBB were expressed at optical density (OD) in figures of data plotted. 
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Quantitation of protein abundances on 2D BN/SDS gels was performed after visualizing of 
protein staining with fluorescent SYPRO Ruby using a CCD camera system (LAS-3000, Fuji) 
and the software Image Reader LAS-3000 with the software Delta2D (Decodon, Greifswald, 
Germany), as described in detail by Frenzel (2006). All gels included in the analysis were 
compared directly with each other and the staining intensity (reflecting the protein 
abundance) indicated in grey units (GU). Gray units represent the sum of pixels belonging to 
one protein spot. Background subtraction was performed automatically. One black pixel 
without background represents for an absolute quantity of 1. 
 
3.12  Normalization procedure 
To facilitate comparison of different samples, always the same amount of digitonin extract of 
mitochondria was loaded per lane, e.g., 100 µg or 120 µg protein (before solubilisation) on 
the first dimension for the 1D- and 2D-BN/SDS-PAGE (large 16 cm x 18 cm x 1.5 mm gels), 
respectively, and 20 µg or 40 µg protein (before solubilisation) for small 1D-and 2D-BN/SDS-
PAGE, respectively. 
CBB staining intensities of protein bands on first dimensional BN gels could be compared 
directly after background subtraction since all samples were separated and stained together 
on the same gel.  
To compensate differences in staining efficiency during quantitation of different 2D BN/SDS 
gels, a normalization procedure was developed, using low molecular weight protein 
standards, added in the same amount to each 2D-gel (Frenzel, 2006). For any gel, a 
correction factor was calculated and applied by considering the SYPRO Ruby fluorescence 
intensities of four marker bands [phosphorylase b (97 kDa), albumin (66 kDa), ovalbumin (45 
kDa) und carbonic anhydrase (30 kDa)]. All measured protein spot intensities were corrected 
by multiplication with the resulting specific correction factor. Although SYPRO Ruby has a 
large linear dynamic quantification range (see also chapter  3.9.4) only the spot-intensities of 
identical proteins can be directly compared since different protein species have different 
staining behavior, depending on the amino acid composition and the amount of bound SDS. 
The biological variances as well as technical sources of error were minimized by analyzing 
four different animals per age group, and – for rat brain cortex – each sample separately in 
duplicate. Statistical analysis between two age-groups was performed using one-way 
ANOVA. The significance level was set at P < 0.05. 
 
3.13  MALDI mass spectrometry 
Protein spots in 2D BN/SDS PA gels were identified by MALDI-TOF-MS analysis, performed 
as described in detail by Rexroth (Rexroth, 2004) and Reifschneider (2006) or identified 
according to recent protein profiling of rat brain mitochondria by peptide mass fingerprinting 
(Reifschneider et al., 2006). 
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3.14  Measurement of cellular ATP 
The cellular ATP level was analyzed by the luciferin/luciferase ATP assay (ATP Kit SL, 
BioThema) allowing quantitation of ATP over a range of 10-12-10-6 mol/L. During ATP 
consumption by the firefly luciferase reaction light is emitted with a low decay rate (around 
0.9% per min) that allows continuous monitoring of ATP level for several minutes. 
 
Tris buffer 
50 mM  Tris 
pH 7.8 adjusted with 20% acetic acid, 




10% (v/v) TCA 
4 mM EDTA 
in bidest. water, stored at 4°C 
 
Cell suspensions containing 8000 cells/µL were incubated for 2 min with an equal volume of 
TCA solution at room temperature. The reaction was stopped by addition of 50-times the 
volume of Tris-buffer. From each sample 20 µL cell extract containing 1600 cells, 500 µL 
Tris-buffer and 12.5 µL ATP Reagent SL (lyophilised reagent containing D-luciferin and 
luciferase) was employed for ATP determination. ATP concentration of samples was 
calculated by reference to ATP standards (10-9-10-6 mol/L).  
 
3.15  Measurement of intracellular ROS-level 
The amount of reactive oxygen species in e.g. cells can be monitored using fluorescence 
methods. Intracellular ROS-levels were determined by flow cytometry using 2´,7´-
dichlorodihydrofluorescein (DCFH, sensitive preferentially for OH• and ONOO-) and 
dihydroethidium (DHE, sensitive predominantly for O2
•-) (Halliwell and Gutteridge, 2007).  
The conversion of the non-fluorescent DCFH-DA to the highly fluorescent compound 2’,7’-
dichlorfluorescein (DCF) occurs in several steps. DCFH-DA can enter cells freely but is 
trapped within the cells after deacetylation by intracellular esterases to form the non-
fluorescent 2’,7’-dichlorfluorescein (DCFH). DCFH is converted by peroxidases in several 
reaction steps to green fluorescent DCF- via an intermediate radical DCF•- (Halliwell and 
Gutteridge, 2007; Owusu-Ansah et al., 2008).  
Dihydroethidium (DHE) also freely permeates membranes and is used to monitor superoxide 
production (Bindokas et al., 1996; Li et al., 2003; Owusu-Ansah et al., 2008; Rivera and 
Maxwell, 2005). Upon reaction with superoxide radical anions DHE forms a red fluorescent 
product (2-hydroxyethidium) (Zhao et al., 2005). DHE is highly specific as it detects 
essentially superoxide radicals, is retained well by cells and even tolerate mild fixation 
(Owusu-Ansah et al., 2008). 
Cells were trypsinized, centrifuged (100 g, 10 min, RT), resuspended in PBS-/- (37°C, recipe 
see chapter  3.4.2) and again centrifuged (100 g, 10 min, RT). Under dark conditions, PBS-/- 
(37°C), containing 25 µM DCFH-DA (30 min, 37°C) or 4 µM DHE (10 min, 37°C), was added 
for final cell concentration of 1 x 105 cells/ml. The fluorescence (DCF: λem = 515-550 nm; 
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DHE: λem = 570-600 nm) of 10
4 cells was measured at room temperature using the flow 
cytometer PAS III (Partec) with excitation wavelength of λex = 488 nm. Only samples 
analysed with the same freshly prepared DCFH/DHE-solution can be directly compared.  
The ROS determinations were performed by Sebastian Zahnreich at the Gesellschaft für 
Schwerionenforschung (GSI, Darmstadt). 
 
3.16  Giemsa staining of chromosomes 
The number of cells showing chromosomal abnormalities, e.g. tetraploidy, loss of 
chromosomes or mutations in single chromosomes, is increasing during cell senescence, 
after irradiation or by several diseases. To analyze these aberrations, chromosomes have to 
be isolated and visualized. 
Chromosomal aberrations can be studied only in metaphase chromosomes. To accumulate 
mitotic cells in cell cultures the microtubule-depolymerizing substance colcemide was added 
to the medium at a final concentration of 0.1 µg/mL 3 hours before harvesting. (Cells arrest in 
the metaphase where chromosomes are condensed. The cell cycle cannot be completed.) 
Thereafter, cells were detached using Trypsin/EDTA. The medium was not discarded but 
collected together with the cells. The cell suspension was centrifuged (6 min, 800 g, RT). 
After discarding the supernatant, the cell sediment was resolved and mixed drop by drop with 
37°C pre-warmed KCl (0.075 M) for 8 min to achieve swelling of the cells. The KCl solution 
was removed after the second centrifugation step (8 min, 800 g, RT) and replaced drop by 
drop by fixative (25% acetic acid, 75% methanol p.A., incubation time 30 min). After further 
centrifugation (10 min, 1000 g, RT), the last step was repeated. At this time point samples 
can be stored. Before subsequent fixation of chromosomes, a last centrifugation was 
performed (10 min, 1000 g, RT). At this time point cells are fixed in their swollen condition. 
The pelleted cells were slightly diluted with fixative. To open the cytoplasmic membrane and 
therewith to expose the nucleus, the fixed cells were dropped (approx. 21 µL) on previously 
water wetted slides. The water enhances the drop spreading and allows thereby a good 
separation of both mitotic chromosomes and nuclei. Slides were dried over night at RT. 
Chromosomes were stained for 10 min in 3% Giemsa diluted in freshly prepared Sörensen 
buffer pH 6.8 (1x 0.067 M Na2HPO4 and 1x 0.067 M KH2PO4 in MilliQ water, RT). The slides 
were washed twice with MilliQ water and dried first with compressed air and thereafter over 
night at RT and relative room humidity. The next day, slides were sealed and stored in the 
dark. 
 
3.17  Determination of the apoptotic cell level 
The Annexin-V-Fluos Staining KIT (Roche Diagnostics, Mannheim) allows identification and 
quantitation of apoptotic cells. Annexin V, a phospholipid binding protein, binds Ca2+-
dependent with high affinity phosphatidylserine (PS). PS is under physiological conditions 
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located solely at the inner side of a membrane. But due to the increased loss of plasma 
membrane asymmetry during apoptosis it is found exposed to the extracellular surrounding 
in apoptotic and necrotic cells. To differentiate necrotic cells from apoptotic once, necrotic 
cells are additionally visualized with propidium iodide that stains DNA of leaky necrotic cells 
only. The construct Annexin-V-fluorescein is excited at 488 nm and showed fluorescence at 
a wavelength of 518 nm and propidium iodide is excited at 488-540 nm with fluorescence at 
617 nm. Hoechst 33 342 is a fluorescent dye that label DNA. It was used to stain all nuclei 
within a petri dish to determine not only the number of apoptotic cells but also the proportion 
within a cell population. 
To determine the proportion of apoptotic cells within a culture, 30,000 cells were seeded in a 
small petri dish (Ø 2 cm). Two days later, apoptotic cells were stained by applying the 
Annexin-V-Fluos staining assay in combination with Hoechst 33 342. In the first step, cells 
were washed with PBS to remove the medium. A volume of 119 µL staining-solution 
[Annexin KIT solutions: 100 µL Annexin kit buffer, 2 µL Annexin solution, 2 µL propidium 
iodide; 15 µL (1.5 µg/mL) Hoechst 33 342] was added and cells were covered with glass to 
ensure uniform staining. After 15 min incubation at RT the staining solution and the glass 
was removed. Cells were fixed for 5 min with 8% formaldehyde solution (in PBS), washed 
with distilled water and dried under dark conditions at RT. Under the fluorescent microscope 
necrotic cells appear in a red color while apoptotic cells are green. 
 
3.18  Staining procedure for cell differentiation 
Hayflick and Moorhead (1961) described three stages of cells growing in cell culture. Phase I 
represents a primary culture immediately after explanting when cells adapt culture 
conditions. Phase II represents the period of cells dividing constantly in culture with 
approximately 50 cell doublings at maximum. Phase III is characterized by a reduced cell 
population doubling that may be followed by cell growth arrest or cell death (Hayflick, 1985, 
1994). Post-mitotic cells after completion phase III are post-mitotic and stop dividing. 
Each stage of cell growth is characterized by specific cell shape (Fig.  3-4). An age-
associated increase in the volume of the cytoplasm in relation to the volume of the nucleus 
occurs (Fournier et al., 1998).  
  
 
Phase II Phase III Post-mitotic cells 




To analyze these morphologic changes, cells were stained in culture dishes with May-
Grünwald, Giemsa and Coomassie Brilliant Blue G250. The medium was discarded and cells 
washed twice with PBS-/- (recipe see chapter  3.4.2). Cells were covered first with undiluted 
eosin methylene blue dye (May Grünwald) for 5 minutes (RT), secondly for 5 minutes with 
the same amount of MilliQ water (RT) and washed twice with MilliQ water. Thereafter, 10% 
Giemsa diluted in Sörensen buffer (1x 0.067 M Na2HPO4 and 1x 0.067 M KH2PO4 in MilliQ 
water, RT) was added for 15 minutes and removed with MilliQ water. The blue-violet 
methylene azure is staining acid cell components (nucleus, cytoplasmic RNA) and the red 
eosin alkaline parts. Some components are colored by both. Finally, cells were stained for 
40 seconds with 2.5% CBB G250 (40% methanol, 7% acetic acid in dest. water) to visualize 
the whole cell. CBB was diluted with MilliQ water and removed. The cell culture flasks were 








4 Results and Discussion 
 
4.1 Sample preparation and storage 
Proteome studies especially those with emphasis to analyze proteins in their native state, 
protein-protein interactions or post-translational modifications, require gentle preparation 
conditions in order to achieve a sample of high quality that is neither denatured nor artificially 
modified, e.g. oxidized, carbonylated. This sample has to be stored later on in a proper way 
remaining its quality. To compare different samples in one experiment, e.g., rats of different 
age, cells harvested at different time points or irradiated and non-irradiated cells, animals or 
cells have to be treated the same way and sample preparation as well as storage has to be 
identical. 
 
4.1.1 Isolation and storage of tissue mitochondria 
For proteome profiling of tissue mitochondria, it is important to prove if e.g. for longer time 
period, if it is better to store the tissue (non-isolated mitochondria) or the isolated 
mitochondria.  
All tissue samples analyzed in this study were provided from Prof. Dr. Hans Rommelspacher, 
Charité Berlin. The animals were housed and treated (e.g. with MPP+ see chapter  2.6.2) at 
the Charité Berlin. The mitochondrial isolation was performed in the non-frozen state 
immediately after tissue dissection. The importance of this step becomes obvious when 
comparing the yield of mitochondrial proteins received and the proteome profile of 
mitochondria isolated from non-frozen rat brain cortex and mitochondria isolated from 
previously liquid nitrogen-frozen cortex. The yield of mitochondrial proteins from thawed 
tissue was only 0.76% compared to 2.20% on average from non-frozen tissue. It might be on 
the one hand that mitochondria are destroyed or damaged during freezing and lost during the 
isolation procedure. On the other hand after freezing, the tissue is maybe more difficult to 
homogenize and/or the cell membranes more difficult to disrupt. Additionally, the 
mitochondrial protein profile from tissue-frozen cortex sample differs compared to non-
frozen. In relation to four freshly prepared cortex samples, stored after isolation of 
mitochondria at -80°C, mitochondria isolated from pre-frozen tissue contained 1.7-fold less 
intact complex V and 1.8-fold less respiratory chain supercomplexes (I1III2IV0-3) (Fig.  4-1). 
The fact that both are decreased to the same extent could be explained by a decrease of 
solubilisation efficiency. Cell membrane properties may be changed by freezing and thawing 
of the tissue. From individual complex III2 and IV and from the unbound F1 part of complex V 
same amounts were present in both mitochondria isolated from frozen and non-frozen cortex 
tissue indicating also, that maybe protein-protein-interactions are less stable after freezing of 
the tissue and that the stability of proteins complexes, e.g. the ATP synthase or 




Fig. ‎4-1. Comparison of total abundances of individual complex V (α-subunit) and supercomplexes 
(I1III2IV0-3) in mitochondria isolated from non-frozen (black, average of four individuals) and frozen (grey, 
n = 1) cortex tissue of aged rats (28 month old).  
 
The importance of the way how samples are stored (tissue or mitochondrial suspension) on 
the mitochondrial proteome over a long period is unclear. In freshly prepared mitochondria 
from cortex, striatum and hippocampus after 1 ½ years of storage at -80°C there is only 5% 
individual complex I present while the major part is assembled together only with complex III2 
(I1III2) or complexes III2 and IV (I1III2IV1-X) in supercomplexes. In contrast, in whole rat brain 
stored for 5 years at -80°C 21% (Fig.  4-2) and in cerebellum stored for 4-6 months (Söhn, 
2010) up to 17% individual complex I was found.  
Concerning all these observations, it is advisable to isolate mitochondria immediately after 
dissection of the tissue and to freeze solely the mitochondrial suspension. By applying this 
strategy well preserved mitochondria of high quality will be obtained. It seems also that 
protein-protein-interactions as well as the stability of individual proteins or protein complexes 
are better preserved over a long time period by storing the isolated mitochondria. 
 
4.1.2 Cultivating conditions of cell cultures 
Cell culture experiments display an in vitro model system to analyze molecular processes. 
They are key elements in research for new vaccines, hormones or anti-cancer substances 
and to analyze the cell response on external factors, e.g. irradiation (Fournier et al., 2007; 
Zahnreich et al., 2010). For the majority of cell culture experiments, cultivation conditions 
with 5% CO2 and 21% atmospheric oxygen are non physiological. The oxygen delivery of 
every cell type depends on the metabolic requirement and function of each origin, e.g. organ; 
therewith each cell line in fact is adapted to and requires unique oxygen level. Carreau et al. 
(2011) showed that values corresponding to the "physioxia" (physiologic condition) are 
ranging between 1% and 11% oxygen while current in vitro experiments are usually 
performed in 21% oxygen, an artificial environment as far as oxygen balance is concerned. It 
is important to note that there is a large discrepancy between in vitro cell experiments and in 
vivo oxygen status of tissues and cells which can have detrimental effects on experimental 
outcomes. In vitro cell cultures are traditionally performed in unstirred liquid media at ambient 
oxygen concentrations in the laboratory, without considering the level of oxygen experienced 
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by the cells in tissue. These conditions are suitable for many biologic applications but there 
are other situations in which more attention to oxygenation is appropriate, e.g. in terms of 
post-translational modification of proteins, substrate transport, metabolic pathways, growth 
factor signaling and differentiation (Esteban and Maxwell, 2005). 
Therefore, cell culture experiments under atmospheric conditions are certainly not reflecting 
the physiology situation. But nevertheless, it is to date used to analyze basic molecular 
processes or the cellular response on external effects. For instance, cell culture experiments 
were fundamental to develop irradiation procedures in cancer therapy by analyzing dose 
dependent cell survival (Ceriani et al., 1992). In conclusion, for every experiment, cell culture 
conditions should be chosen to the respective type of question that shall be examined.  
In the present study, cell cultivation was performed at 5% CO2, 21% atmospheric oxygen and 
100% humidity at 37°C. Changes in the ROS level were analyzed in long term experiments. 
The level might be decreased or the response on irradiation stronger in cells cultivated under 
physioxia but due to the fact that control cells and irradiated cells were exposed to similar 
conditions, tendencies at least can be described. 
Additionally, in long-term cell culture experiments one has to keep in mind that the cell 
population is inhomogeneous. In the present study, during irradiation cells were confluent 
and arrested in G0/G1-phase but thereafter due to irradiation induced damages, healthy, 
post-mitotic, apoptotic cells as well as cells exhibiting genomic variations were present in one 
culture. For mitochondrial protein profiling approximately 22,000 cells (AG1522D, NHDF, 
WI38) had to be harvested to obtain 1 µg mitochondrial protein. On 2D BN/SDS gels 20-
40 µg proteins were applied (chapter  3.7.1) or for cellular ATP determination 1600 cells were 
required (chapter  3.14). One confluent 75 cm2 cell culture flask contained approximately 
4x106 cells. Due to the fact that no cell sorting was performed all data in the present study 
describes the physiology of a heterogeneous cell population.  
 
4.1.3 Purification of mitochondrial samples 
Sample purification is an important tool to obtain homogeneous extracts containing solely 
proteins or organelles of interest. Other cell components, molecules or proteins have to be 
removed. The purification of rat brain mitochondria by discontinuous sucrose density gradient 
[three steps: 15%, 23% and 32% (w/v)] ultra centrifugation (Frenzel, 2006) increases 
significantly the proportion of mitochondrial proteins within a sample. Typical contaminates of 
rat brain mitochondrial suspensions are myelin proteins (Virchow, 1854). These proteins 
(mainly myelin basic protein, myelin oligodendrocyte glycoprotein and proteolipid protein; see 
also Frenzel, 2006 for its position in 2D SDS gels) are forming together with lipids the myelin, 
a dielectric material that is forming a layer (myelin sheath) isolating neuronal axons. Using 
discontinuous sucrose gradients reduces the amounts of myelin in the mitochondrial fraction 
and allows the presence of predominantly mitochondrial proteins. In this way, protein 
determination, e.g. via Bradford assay, reflect the abundance of mitochondrial proteins more 
accurate. This is especially important for comparison of different ageing states hence the 
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amount of myelin proteins itself is changing during ageing (Peters, 2007). Additionally, the 
solubilisation efficiency is reduced in the presence of myelin proteins (Fig.  4-2) because they 
bind a proportion of the detergent. The ratio of detergent to mitochondrial proteins has to be 
increased in non sucrose gradient purified samples to achieve comparable extraction 
efficiency to gradient samples. Protein separation with 2D BN/SDS PAGE displays less 
background after purification due to increased solubilisation efficiency by similar detergent to 
protein ratio of rat brain mitochondrial samples.  
 
Fig. ‎4-2. Silver stained 2D BN/SDS gels (BN-PAGE: 3.5% stacking gel, 4-13% separating gel; SDS-gel: 5% 
stacking gel, 13% separation gel) of solubilized mitochondria (8 g/g digitonin to protein, 120 µg before 
solubilisation) isolated from whole brain of a 30 month old male Fisher rat (A) after and (B) before 
discontinuous sucrose gradient. After using of discontinuous sucrose gradient, myelin proteins are less 
pronounced (see highlighted area) and reduced background staining is present. It shall be noted that 
whole rat brain is applied and that the tissue was stored approximately 5 years at -80°C before isolation of 
mitochondria. Abbreviation: AG = 30 month old aged rat, purification of mitochondria via a discontinuous 
sucrose gradient; AR = 30 month old aged rat, mitochondria without purification; LMW = low molecular 
weight protein standard.  
 
Although purification of brain mitochondria result in 2D BN/SDS gels with low background 
and clear protein spot pattern, there are two reasons for omitting this step in the present 
study for mitochondrial isolation from rat brain and cell culture. Firstly, in crude mitochondrial 
suspensions fragile and damaged mitochondria, which might be more abundant and more 
severely affected in aged or irradiated samples, cannot be lost or disrupted during harsh 
puriﬁcation steps. Secondly, purification with sucrose gradients is reducing the yield of 
proteins by about 50%. Some samples as e.g. mitochondrial suspensions of rat brain areas 
(e.g. hippocampus and striatum) or of cell cultures were characterized by rather small protein 





4.1.4 Use of SCAVEGR during sample preparation 
Especially for proteome analysis including determination of posttranslational modifications 
gentle isolation and solubilisation conditions have to be chosen. One important modification 
of the mitochondrial proteome important in e.g. ageing studies is the oxidation state of 
proteins. At every age free oxygen radicals are present in cells but maybe to a different 
extent. They are important for cellular processes like signaling or for the immune system but 
they are also harmful when present to a large extent. A relation of protein oxidation and 
ageing is suggested as one of the main cause (Harman, 1956; Oliver et al., 1987; Smith et 
al., 1991; Starke-Reed and Oliver, 1989). Harsh homogenizing steps of e.g. tissue may lead 
to oxidation of the sample, i.e., increased carbonylation of amino acid residues. 
Determination of oxidative modifications thereafter would not reflect the real (natural) 
situation within the analyzed tissue or cell.  
In this study the anti-oxidant mixture SCAVEGR (BrainBitsLLC, USA) was applied to 
preserve proteins in their natural oxidative state. SCAVEGR consists of superoxide 
dismutase (SOD), catalase, vitamin E, vitamin E acetate, reduced glutathione and albumin 
(Brewer et al., 2004). It was observed previously that SCAVEGR is increasing the sample 
quality of rat brain mitochondria by preserving respiration. In mitochondria isolated with the 
anti-oxidant mixture e.g. a 15% higher respiration control ratio and 2-fold increased Vmax as 
well as more than 40% less TBARS (ThioBarbituric Acid Reactive Substances, harmful and 
formed by lipid peroxidation) were found (Brewer et al., 2004).  
The formation of lipid radicals and therewith lipid peroxide radicals (lipid peroxydation) are 
prevented by vitamin E and vitamin E acetate. Target lipids are unsaturated lipids within the 
cell membrane. The structure of vitamin E (hydrophobic tail) allowing its presence at the side 
of membrane lipids and membrane proteins, necessary for its role as electron acceptor. 
Superoxide radicals that may appear during mitochondrial isolation are converted into 
hydrogen peroxide (H2O2) by the SOD. H2O2 is removed via the mitochondrial protein 
glutathione peroxydase that is oxidizing the SCAVEGR component glutathione and via the 
catalase present in SCAVEGR. The albumin included in the mixture protects mitochondrial 
proteins from getting oxidized by way of acting as target for oxygen radicals. 
According to the product manual 2% (v/v) SCAVEGR was added to buffers (in the present 
study solely in homogenization buffer, for tests described in this chapter in both 
homogenization and solubilisation buffer). The effect – positive and negative – of applying 
the anti-oxidant mixture during mitochondria isolation and protein solubilisation was tested for 
the first time on rat liver tissue mitochondria (Beyer, 2007). Liver tissue was cut in half. One 
part was isolated and solubilized in the presence of and the other in the absence of 
SCAVEGR. In the presence of SCAVEGR protein-protein-interactions were more stable as 
deduced from the higher protein amounts of the ATP synthase dimer (1.2-fold) and of the 
supercomplexes III2IV1 (1.4-fold), I1III2 (1.4-fold) and I1III2IV2 (1.7-fold). But, specific enzyme 
activities of complex I and IV are similar in both samples. The efficiency to act as anti-oxidant 
was tested by exposing samples to 500 mM H2O2 for 10 minutes at RT and determination of 
the specific activity of complex I and complex IV thereafter. The specific activity of these 
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enzymes remains unchanged in samples with SCAVEGR as compared to controls in the 
absence of additionally H2O2 while e.g. complex I activity in supercomplex I1III2 and I1III2IV2 is 
increased in samples without SCAVEGR. This is a surprising result challenging the “Free 
Radical Theory of Ageing” of Harman (1956) but going hand in hand with the theory of 
hormesis (chapter  1.2.1). 
Analyses were repeated in a second experiment with BHM tissue with the difference that the 
distinct effect of SCAVEGR in the homogenization and solubilisation procedure, respectively, 
was studied (analyses performed by Sandra Thilmany, AG Dencher, Technische Universität 
Darmstadt). Determination of protein carbonylation by OxyBlot showed that the solubilisation 
itself represents the critical step whereby the major proportion of protein oxidation occurs. 
This becomes obvious by comparing the amount of protein modifications of a non-solubilized 
sample and a sample after solubilisation. When SCAVEGR was used already for 
homogenization, proteins were protected during further solubilisation without additional 
adding of the anti-oxidant mixture, i.e. the signal intensity for carbonylation was similar 
independent of the use of SCAVEGR during solubilisation. The BHM sample homogenized 
and solubilized without the protection cocktail displayed pronouncedly increased amounts of 
oxidized proteins. By using SCAVEGR only during solubilisation, the carbonylation was at 
the level of BHM homogenized with SCAVEGR. The disadvantage of using the anti-oxidant 
mixture for solubilisation is that all proteins included within the SCAVEGR are separated 
during electrophoresis together with sample proteins. It is not just that they may mask 
proteins of interest with similar molecular mass; they additionally affect the quantitation of 
enzymes present in both sample and SCAVEGR like catalase or SOD. 
Based on these data in the present study, SCAVEGR was solely present during 
homogenization but not protein solubilisation. 
 
4.1.5 Storage of samples for cellular ATP determination 
Determination of the cellular ATP level is time consuming, due to the fact, that for every set 
of measurement an ATP standard has to be prepared freshly the same day. Hence, to 
facilitate comparative analysis of changes in the ATP level of samples collected over a time 
range during one experiment, e.g. from a cell culture during long-term cultivation, storage 
conditions have to be found that are not affecting the ATP content of a sample. In this way, 
samples belonging to one experiment can be analyzed the same day and at lower costs, i.e. 
only one standard curve is required (costs of one ATP Kit SL: 316 €). It was demonstrated by 
Lundin et al. (1986) that the level of cellular ATP is changing when cell culture cells are 
transferred from 37°C to room temperature.  
In an initial experiment (Knab, 2009), the ATP concentration in cells from cell culture was 
determined immediately after harvesting (sample 1) and after freezing (in liquid nitrogen) and 
storing of the intact cells at -80°C for 2 hours (sample 1’) in special freezing medium 
(composition see chapter  2.7.2). A 9.2-fold decrease of cellular ATP concentration was 
observed between these two states (Fig.  4-3 A, Table  4-1). Both intact cell samples 
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(sample 1 and 1’) and the already TCA treated cells of both samples were frozen and stored 
at -80°C. Two weeks later, the ATP content was determined. In intact frozen cells (sample 1 
and sample 1’) compared to TCA incubated cells the ATP level was pronouncedly decreased 
about 8-fold in sample 1’ (Fig.  4-3 B) and more pronounced in sample 1, about 86-fold 
(Fig.  4-3 C). The ATP content in frozen TCA denaturized samples was approximately  
 
 
Fig. ‎4-3. The effect of freezing and storage on the 
cellular ATP concentration To analyze the effect of 
freezing on the cellular ATP content, cells (human 
fibroblasts) freshly prepared (sample 1) and 2h 
frozen (indicated as blue line) cells (sample 1’,‎ in‎
special freezing medium) were compared. Falcon 
tubes symbolize cell culture suspension and 
Eppendorf tubes the TCA incubated cells. 2h 
freezing resulted in a 9-fold decrease in ATP amount 
(A).  
Red lines represent freezing and storage of 
sample 1‎ and‎ 1’‎ as‎ well‎ as‎ their‎ respective‎ TCA‎
extracts for 2 weeks at -80°C. After 2 weeks of 
storage in sample 1 only 1.2% of the initial ATP 
concentration (86-fold less) was present (B). In 
sample 1’‎the‎ATP‎concentration‎decreased‎about‎8-
fold (C) compared to the 2h frozen time point and 
about 78-fold compared to the freshly prepared cells 
(1.3% of the initial ATP concentration).  
In cell extracts incubated with TCA before freezing 
only small changes (1.2-fold increase for sample 1 
and 1.3-fold decrease for sample 1’)‎ in‎ the‎ ATP‎
concentration were observed after storage. 
 
identical to the measurement A (1.2-fold increase for sample 1 and 1.3-fold decrease for 
sample 1’). This small difference might result from sample handling. Multiplication of 
sample 1’ factors, obtained from measurement A and C (2 hours and 2 weeks), of intact  
 
Table ‎4-1. ATP concentrations [µM] of freshly (sample 1) analyzed cells and of cells frozen for 2h 
(sample 1’)‎as‎well‎as‎of‎same‎cell‎samples‎and‎their‎respective‎TCA‎extracts‎after‎2 weeks of storage at -
80°C. Abbreviation: c = concentration [µM], ws = without storage, as = after storage 
 Without storage  
Storage of intact 
cells for 2h at  
-80°C 
Storage of intact 
cells for 2 weeks 
at -80°C 
Storage of TCA 
extracts 2 weeks 
at -80°C 
Sample cws (ATP) [µM] cas (ATP) [µM] cas (ATP) [µM] cas (ATP) [µM] 
sample 1 0.785  0.011  
    0.948 
sample 1’  0.085   
   0.008  
    0.064 
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frozen cells resulting in an overall factor of 78 that is comparable to that of sample 1 frozen 
one time for duration of 2 weeks (Fig.  4-3 B). The amount of cellular ATP is decreasing due 
to the freezing process and during storage at -80°C. These experiments showed that for ATP 
determination samples should be stored after incubation to TCA to avoid a decrease of the 
ATP level in the cells. 
To approve that the ATP amount remains stable in TCA extracts a second experiment was 
performed. Cell suspensions of four different previous experiments were analyzed 
immediately after harvesting of cells and after 5 days storage of TCA extracts at -20°C 
(Wendenburg, 2010). All samples displayed before and after storage nearly similar ATP 
amounts (Table  4-2). Variations between both measurements (before and after storage) are 
small and data reproducibility. 
 
Table ‎4-2. The ATP amount [mol] in four different samples before and after storage for 5 days at -20°C. 
Storage occurred in the presence of TCA. Abbreviations: n = amount of substance [mol], ws = without 
storage, as = after storage 
 Without storage After storage  
Sample nws (ATP) [mol] nas (ATP) [mol] ratio nws/nas 
A 7.39 E-13 7.51 E-13 0.983 
B 1.13 E-12 1.00 E-12 1.132 
C 1.48 E-12 1.45 E-12 1.021 
D 2.83 E-12 2.86 E-12 0.990 
 
Based in these observations, samples for ATP determination have to be stored at -20°C after 





4.2 Age-associated alterations of the mitochondrial proteome of rat 
brain cortex, striatum and hippocampus 
After analyzing changes in the mitochondrial proteome during ageing in whole rat brain 
(Frenzel, 2006), studies were extended by determining age-associated changes of 
mitochondrial protein pattern of different brain regions. At first, cortex mitochondria were 
studied (chapter  4.2.1). The cortex is the largest brain area and the amount of mitochondrial 
proteins isolated allowed additional analysis of enzyme activity of OxPhos complexes via in-
gel activity tests as well as determination of optimal digitonin to protein ratio for high 
solubilisation efficiency by preserving protein-protein-interactions. Data obtained from protein 
quantitation were compared to that of mitochondria isolated from hippocampus and striatum, 
two smaller brain areas (chapter  4.2.2).  
 
4.2.1 Age-associated alterations in the mitochondrial proteome of rat brain cortex 
Data described in this chapter have been already published: 
Monika Frenzel, Hans Rommelspacher, Michiru D. Sugawa, Norbert A. Dencher (2010). Ageing 
alters the supramolecular architecture of OxPhos complexes in rat brain cortex. Experimental 
Gerontology 45, 563–572. 
 
Protein profiling of rat brain cortex mitochondria was performed as described in methods 
(chapter  3). Crude mitochondrial fractions were isolated freshly immediately after dissection 
of the brain and stored at -80°C for only a short period (4 months). Mitochondrial proteins 
were solubilized with 8 g/g digitonin to protein ratio after comparing solubilisation efficiencies 
using 4 and 8 g/g. The ratio of 8 g/g allowed quantitative extraction of membrane proteins 
from mitochondria of both young as well as aged animals by preserving protein-protein-
interactions. By utilizing 2D-BN/SDS electrophoresis and ﬂuorescent staining with SYPRO 
Ruby profound changes in the amount of respiratory chain supercomplexes composed of 
complexes I, III2, IV as well as of the ATP synthase (complex V) were revealed. Complex I 
was present solely in supramolecular assemblies with complex I, III2 and IV. In line with 
observations described for rat skeletal muscle (Lombardi et al., 2009) but in contrast to rat 
heart (Gómez et al., 2009) the composition of hetero-supercomplex assemblies in rat cortex 
changed during ageing towards an enrichment of larger supercomplexes containing 
complex IV (I1III2IV1-3, Fig.  4-4). The supercomplex I1III2 lacking complex IV was least 
abundant in aged animals (2.4-fold decline). On the one hand it was possibly more present in 
larger supercomplexes or on the other hand less present and therefore degraded in 
individual complexes The supercomplex formation represents a stabilizing mechanism 
suggested to enhance substrate channeling as well as catalytic enzyme activity and a 
compensatory effect for the overall abundance-decline of respiratory chain complexes 
(Silvestri et al., 2011). Protein-activity was demonstrated by performing In-gel activity 




Fig. ‎4-4. The age-associated shift towards an enrichment of larger supercomplexes containing complex IV 
as described by Frenzel et al. (2010b) and Lombardi et al. (2009) [modified from Silvestri et al. (2011)] 
 
The speciﬁc activities of supercomplexes I1III2IV0-3 remained unchanged during ageing 
(Fig.  4-6). The total amount of I1III2IV0–3 decreased age-associated about 1.6-fold but there is 
a change in the relative proportion towards supercomplex I1III2IV1 displaying the highest 
speciﬁc activity. That complex IV is essential for the activity of complexes I and III2 was 
shown by Schäfer et al. (2006) for bovine heart mitochondria. The interconversion of I1III2 into 
I1III2IV1 resulted in a higher specific activity of complex I about 2.3-fold that is nearly similar to 




Fig. ‎4-5. BN-gel (linear 4–13% gradient and 3.5% stacking gel) stained with CBB G-250 (A) and after 
performing of complex I and complex IV in-gel activity tests (B). Pooled samples of young and aged rats 
were loaded (100 µg protein before solubilisation, 8 g/g digitonin to protein, mixture of mitochondria of 
three animals; n = 3). For mass calibration, digitonin solubilized (3 g/g) and well characterized bovine 





Fig. ‎4-6. The specific activity of complex I (normalized on the protein amount determined in the second 
dimension) in supercomplexes I1III2IV0-3 in young (black) and aged (grey) rat cortex mitochondria. 
Supercomplex I1III2IV1 displayed the highest complex I activity. No age-associated changes in the specific 
activity were observed. The oxidation of NADH+H
+
 via complex I was determined by performing in-gel 
activity tests in one BN gel [4-13% gradient separating gel, 3.5% stacking gel, 100 µg mitochondrial 
protein before solubilisation per lane (pool of 3 animals per age group, n = 3)] and quantitation of the 
staining intensity of the violet formazan. 
 
The ATP synthase (sum of monomer and oligomers) was observed to represent a prominent 
target of age-associated degradation in rat brain (Frenzel, 2006; Frenzel et al., 2010b), liver 
(Thilmany, 2008) and other model systems (Groebe et al., 2007). Its total amount decreased 
about 20% (1.2-fold) in rat brain cortex whereby the largest decline of about 1.5-fold occurred 
for the monomer. In aged rats a 2.8-fold increase of unbound F1 was observed that is 
capable to hydrolyze ATP with high efficiency. The oligomerisation of the ATP synthase 
increased during ageing. More complex V dimers, trimers and tetramers were found in aged 
animals. 
Young animals of 4-6 month age are named as 5 month old rats and aged rats of 28 month 




































































4.2.2 Differential ageing of mitochondria from cortex, striatum and hippocampus 
That ageing in mammals occurs tissue-specific was demonstrated at the DNA level 
(Meissner et al., 2006), by analyzing enzyme activities (Suzui et al., 1999) and protein 
expression level (Mizutani et al., 1998). Especially brain mitochondria may be affected by 
ROS during ageing due to the high oxygen consumption of neuronal cells (chapter  1.1.2). 
Most studies published so far describing profound age-dependent alterations in the 
mitochondrial proteome caused by disease (Alzheimer, Parkinson) in whole brain (Ekstrom 
et al., 1980; Poon et al., 2006b; Rao et al., 1990) disregard the distinct functions, physiology 
and anatomy of various brain regions. Others focus their analysis on one specific brain area 
(Butterfield et al., 2006; Navarro et al.; Poon et al., 2006b; Sultana et al., 2006a; Sultana et 
al., 2006b). To verify if it is adequate to study the whole brain or if ageing occurs different in 
specific brain areas, age-associated changes in the mitochondrial proteome of rat brain 
striatum, hippocampus and cortex were analyzed, not only in respect to the protein 
abundance but also to protein-protein interactions. The data obtained for rat brain cortex, 
demonstrate an overall decline of OxPhos complexes and respiratory chain supercomplexes, 
respectively. In contrast to cortex, the mitochondrial proteome of striatum is less affected 
during ageing or rather characterized by only minor changes. Ageing in hippocampus 
occurred exceedingly different from cortex and striatum. An overall large increase in the 
amount of OxPhos complexes and respiratory chain supercomplexes accompanied by an 
increase of the mitochondrial aconitase (key enzyme of the Krebs cycle) was observed 
providing a larger cellular energy level required for the Na+/K+-ATPase that was also 
increased in abundance.  
 
4.2.2.1 Gentle solubilisation and 2D-BN/SDS-gels as tools to analyze age-associated 
changes in OxPhos complexes and supercomplexes 
Isolation of mitochondria from striatum and hippocampus was similar to that from cortex 
(chapter  3.4.1). The crude mitochondrial fractions obtained by this procedure were not 
subjected to further purification, in order to preserve also fragile and damaged mitochondria 
that might be more abundant and more severely affected in aged samples and lost during 
harsh purification steps. For solubilisation, 8 g digitonin per g protein was used, based on the 
determination of the solubilisation efficiency of cortical membrane proteins (Frenzel et al., 
2010b). Separation of proteins occurred by utilizing BN-PAGE (Fig.  4-7) in the first and SDS-
PAGE in the second dimension (Fig.  4-8). As discussed in materials and methods, for 
quantitation of protein abundances of all samples, only the fluorescence signal of the SYPRO 





Fig. ‎4-7. Blue native PAGE of digitonin-
solubilized (8 g/g digitonin to protein, 
100 µg protein before solubilisation per 
lane applied) mitochondria isolated from 
non-frozen rat brain striatum and 
hippocampus of 5 month old as well as 
30 months old animals for analysis of age-
related changes in abundance and 
supramolecular organization of mitochon-
drial proteins. By applying 1D-BN-PAGE in 
the first dimension, individual proteins, 
OxPhos complexes and respective 
supercomplexes are separated in their 
native state. For mass calibration, high 
molecular weight (HMW) protein standards 
respectively digitonin solubilized and well 
characterized bovine heart mitochondria 
(BHM) were used: individual OxPhos 
complexes I–V (130–1000 kDa), supercom-
plexes I1III2IV0–3 (1500–2100 kDa) and ATP 
synthase oligomers V2–4 (1500–3000 kDa). 
(BN-PAGE: linear 4–13% gradient gel with 




Fig. ‎4-8. 2D SDS–PAGE of mitochondria from striatum of young rat (5 months) stained for 
visualization only with silver (A) and from hippocampus of aged rat (30 months) with fluorescent 
SYPRO Ruby for quantitation (B), respectively. For 2D-SDS gels 120 µg mitochondrial protein before 
solubilisation was loaded on BN-gels (horizontal blue lane). After denaturation, subunits of protein 
complexes or supercomplexes are migrating in a vertical line according to their position in BN-
PAGE in reference to Reifschneider et al. (2006). Low molecular weight (LMW) protein standards 
were used for mass calibration of protein spots and standardisation of gels. Characteristic protein 
patterns of subunits belonging to individual OxPhos complexes I, III2, IV and V and of their 
preserved supercomplexes are resolved. The apparent molecular mass of BHM is indicated. In the 
enlarged inset, protein subunits of supercomplexes I1III2IV0–3 (numbered 1–4) and ATP synthase α- 
and β-subunit are highlighted. [a (I1III2), b (I1III2IV1), c (I1III2IV2), d (I1III2IV3), 1 + 2x + 3 (subunits of 
complex I; 1 = 75 kDa Fe–S subunit; 2x = Fe–S subunit 2; 3 = 51 kDa flavoprotein 1), 2y + 4 (subunits 
of complex III2; 2y = core protein I, 4 = core protein II), α (α-subunit of complex V), β (β-subunit of 









The combination of methods described permits the analysis of age-related changes in 
protein pattern of the respiratory chain including abundance-changes of individual proteins as 
well as alterations in the amount and composition of OxPhos-complexes or -supercomplexes 
and in the formation of ATP-synthase oligomers (dimers, trimers and tetramers). For all three 
rat brain areas analyzed (cortex, striatum and hippocampus), solubilized mitochondrial 
suspensions separated on BN-gels generally displayed protein bands with common 
migration behavior during electrophoresis. Individual complex III2, complex IV and complex V 
as well as ATP-synthase (complex V) homooligomers (V2, V3 and V4) were identified 
according to their position in the gel in reference to Reifschneider et al. (2006). Also the small 
supercomplex III2IV1 containing a complex III dimer and one copy of complex IV and large 
supercomplexes I1III2IV0-3 containing complex I, complex III dimer and zero to three copies of 
complex IV were visualized. As described previously, in contrast to other rat tissues (Dani et 
al., 2009; Gómez et al., 2009; Reifschneider et al., 2006) no individual complex I was found 
in cortex (Frenzel et al., 2010b) and skeletal muscle (Lombardi et al., 2009) independent of 
age. Also in rat brain striatum and hippocampus complex I existed almost solely (>95%) in 
supramolecular form assembled with other respiratory chain complexes (Fig.  4-7). For rat 
cortical, striatal and hippocampal tissues complex II of the respiratory chain was not sufficient 
in abundance for quantitation in both dimensions (1D-BN and 2D-SDS). Also non-
mitochondrial proteins like the sodium-potassium ATPase (Na+/K+-ATPase) and the 
vacuolar-type H+-ATPase were extracted during solubilisation (Fig.  4-8) besides the OxPhos 
complexes and other mitochondrial proteins like heat shock protein (HSP)60 and aconitase 2 
in addition to numerous others yet non-identified proteins, due to utilizing crude mitochondrial 
fraction.  
The biological variances of individual rats as well as differences caused by isolation of 
mitochondria and proteins within each age-group are relatively small and do not affect 
interpretation of the data (see also Fig. 3 in Frenzel et al., 2010). 
 
4.2.2.2 Ageing alters the abundance, stability and oligomerisation of ATP synthase 
differentially in the cortex, striatum and hippocampus 
Using quantitative solubilisation conditions (8 g/g digitonin/protein), in cortex an age-
associated abundance-decrease in the total amount of ATP synthase (V1-V4) of 
approximately 20% (1.25-fold, Table  4-3, 1.5-fold of monomeric complex V) occurred, while 
the respective amount increased in striatum (1.11-fold) and hippocampus (1.20-fold). 
Noteworthy, due to the fact that the abundances of homooligomers (V2-V4) in all analyzed rat 
brain mitochondria remained nearly constant, age-associated abundance-change of 
complex V mainly resulted from changes in the complex V monomer proportion (Fig.  4-9). In 
cortex the monomer was decreasing about 1.48-fold during ageing while it was increasing in 




Table ‎4-3. Age-associated abundance changes of individual OxPhos complexes III2 and IV and of 
supercomplexes of different composition as well as of ATP synthase [sum of complex V monomer and 
oligomers (V2-V4)] and unbound F1 in rat cortex, striatum and hippocampus mitochondria. Changes in 
protein abundance are listed in fold (abundance changes of complexes/supercomplexes as compared to 
the amount in young rats; average of four (cortex) or three (striatum, hippocampus) individual animals 
per age-group). Supercomplex I1III2IV3 in hippocampus was not detectable in the young group. 
OxPhos 
Change in respect to young state 
Cortex Striatum Hippocampus 
individual complexes 
complex III2 -1.16 1.04 1.38 
complex IV -1.32 -1.08 1.37 
supercomplexes 
III2IV1 1.00 2.20 7.86 
I1III2 -2.38 1.36 8.26 
I1III2IV1 -1.44 1.11 6.84 
I1III2IV2 -1.69 1.05 8.10 
I1III2IV3 -1.16 -1.34 -- 
complex V 
∑ intact complex V -1.25 1.11 1.20 
unbound F1 2.81 1.50 4.82 
 
 
Besides intact ATP synthase (V1-V4) also unbound F1 (water soluble, catalytic unit of ATP 
synthase, hydrolyzing ATP) was found in mitochondria of all age-groups and all brain areas 
(Fig.  4-8). In all three brain areas there was an age associated increase in unbound F1 but to 
different extent (cortex 2.8-fold, striatum 1.5-fold and hippocampus 4.8-fold, Table  4-3, 
Fig.  4-10). In the aged animals, in cortex unbound F1 represented 9%, in striatum 4% and in 
 
 
Fig. ‎4-9. The abundance of ATP synthase oligomers V2-V4 in all brain areas is independent of age, 
contrary to the abundance of monomer [ATP synthase monomer: black column, oligomers (V2-V4): grey 
column]. Values presented are mean and standard deviation of ATP synthase abundance (sum of α- and 
β-subunit). The ordinate values in Fig. ‎4-9 and Fig. ‎4-10 represent quantitative protein amounts. 
Significant P-value: **0.01 > P > 0.001 in comparison to young rats. 
hippocampus 7% in reference to all assembled F1 in complex V. As examined for cortex, the 
total amount of unbound F1 was independent of the detergent to protein ratio in a range of 4-
8 g digitonin / g protein (Frenzel et al., 2010b), demonstrating that the solubilisation 
conditions do not affect the stability of the ATP synthase. During ageing, the abundance of 
unbound F1 in all analyzed brain areas increased but to different extent, with the largest 
increase in hippocampus, i.e. 4.8-fold (Fig.  4-10). A higher amount of unbound F1 could be 
related to an age-dependent instability of ATP-synthase and/or less assembled complex that 
may lead to a pronounced uncontrolled ATP hydrolysis. (Note that the intensities depicted in 
Fig.  4-9 and Fig.  4-10 are a quantitative measure of protein amount. They can be compared 





Fig. ‎4-10. Ageing increases the abundance of the unbound, water soluble F1-part of complex V in all 
analyzed brain areas, but to different extent. Combined abundances of α- and β-subunits of unbound F1. 
Significant P-value: *0.05 > P > 0.01, ***P < 0.001, in comparison to young rats. 
 
4.2.2.3 Differential expression of respiratory chain complexes (I, III2, IV) and of assembly of 
supercomplexes in cortex, striatum and hippocampus during ageing  
For individual respiratory chain complexes (complex III2 and complex IV) only minor changes 
in amount occurred in striatum (Table  4-3). In contrast, in cortex there is a decline in the total 
amount for both complexes III2 (1.16-fold) and IV (1.32-fold) while in hippocampus both are 
increasing in abundance to similar extent (complex III2: 1.38-fold and complex IV: 1.37-fold). 
Individual complex I and complex II could not be evaluated due to their small amount 
(Fig.  4-7).  
Four different kinds of respiratory chain supercomplexes were observed in all three brain 
areas: the smallest supercomplex I1III2 containing one complex III dimer (III2) and a copy of 
complex IV as well as larger supercomplexes I1III2IV0-3 consisting each of a copy of 
complex I, complex III dimer and zero to three copies of complex IV. The abundance of the 
supercomplex III2IV1 remained constant in cortex mitochondria independent during ageing 
(Fig.  4-11). However, in striatum there was an age-associated significant increase of III2IV1 
about 2.2-fold that is much larger in hippocampus, 7.9-fold.  
 
Fig. ‎4-11. Ageing increases the abundance of the smallest supercomplex III2IV1 in striatum and 
hippocampus, but not in cortex. Significant P-value: **0.01 > P > 0.001, in comparison to young rats. 
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The largest difference between the three brain areas emerge when analyzing the abundance 
of high molecular supercomplexes containing complex I, complex III2 and complex IV. For 
cortex an overall age-associated abundance-decrease of about 1.6-fold (40%) of 
supercomplexes I1III2IV0-3 (a-d) was described (Fig. 7 A in Frenzel et al. 2010). The largest 
decline occurred for supercomplex I1III2 (2.4-fold, Table  4-3, Fig.  4-12). From all 
supercomplexes containing complex I, supercomplexes I1III2IV1 and I1III2IV3 were the most 
unaffected by age. Supercomplex I1III2 (a) featured a 2.38-fold decline compared to only 
1.44-fold for supercomplex I1III2IV1 (b), 1.69-fold for I1III2IV2 and 1.16-fold for I1III2IV3. The 
overall age-associated decline of complex I containing supercomplexes resulted to large 
extent of the pronounced abundance decline of supercomplex I1III2 in cortex mitochondria. 
As opposed to this, the total amount of supercomplexes (I1III2IV0-3) in striatal mitochondria 
remained nearly constant (1.1-fold increase in aged group compared to young animals). Also 
for striatum the largest abundance changes were observed for supercomplex I1III2 (1.36-fold 
increase, Fig.  4-12). The quantity of supercomplexes I1III2IV1 and I1III2IV2 were nearly 
unchanged. The amount of I1III2IV3 decreased about 1.34-fold, but its proportion compared to 
all supercomplexes was small. In hippocampus a significant highly pronounced age-
associated increase of all respiratory chain supercomplexes (I1III2IV0-3) about 8-fold occurred 
(Table  4-3, Fig.  4-12; I1III2: 8.26-fold, I1III2IV1: 6.84-fold and I1III2IV2: 8.10-fold), demonstrating 
that ageing is distinct in different brain areas.  
As discussed before, complex I was almost exclusively present in supercomplexes and not 
detected as individual complex. The presence of individual complex I in Fig.  4-2 was due to 
the fact, that in that case mitochondria were isolated from previously frozen brain tissue, 
stored for 5 years at -80°C. Therefore, changes in the total amount of complex I are 
correlated to abundance-changes of supercomplexes containing complex I (I1III2IV0-3). 
Compared to individual OxPhos complexes III2, IV and V, complex I is decreasing by age to a 
larger extent (1.6-fold) in cortex. In striatum, the amount of supercomplex I1III2 increased 
(1.36-fold) during ageing while no changes were observed for I1III2IV1 (1.11-fold) and I1III2IV2  
 
 
Fig. ‎4-12. Age-associated abundance changes of supercomplex I1III2 (a, black column) and I1III2IV1 (b, grey 
column) in rat cortex, striatum and hippocampus mitochondria. The sum of intensities of all quantified 
complex subunits (1–4, Fig. ‎4-8) is depicted. Significant P-value: *0.05 > P > 0.01, ***P < 0.001, in 




(1.05-fold) and I1III2IV3 decreased (1.34-fold). But compared to cortex and hippocampus 
these changes were minor due to the fact that in this brain area the total amount of 
respiratory chain complexes was small in proportion to all proteins solubilized and separated 
with 2D BN/SDS PAGE. The pronounced increase of the various supercomplexes I1III2IV0-3 in 
hippocampus reflected also the large increase for complex I during ageing by about 8-fold, 
which is much larger than those of individual complexes (III2, IV and V). 
Age-related changes described for supercomplex I1III2 and I1III2IV1 reflected alterations in the 
abundance of all large supercomplexes (in sum) since both were more abundant than 
supercomplex c and d (Table  4-3, the sum of supercomplexes I1III2IV0-3 is depicted in 
Fig.  4-13 A). All respiratory chain complexes (sum of individual complexes I, III2 and IV and 
supercomplexes) decreased to a small extent in abundance in striatum (1.21-fold) and in 
cortex (1.13-fold) during ageing while there was a pronounced (1.72-fold) increase observed 
in hippocampus (Fig.  4-13 B, data obtained by quantitation of protein bands in one BN-gel). 
Quantitation of proteins in BN-gels is less accuracy than quantitation on 2D SDS-gels but 
sufficient to study general increase or decrease.  
 
 
Fig. ‎4-13. [A] Total amount of large supercomplexes (I1III2IV0-3; quantitation on 2D-SDS-PAGE, ordinate 
represents grey units) and [B] sum of all respiratory chain complexes (present in supercomplexes III2IV1 
and I1III2IV0-3 and as individual complexes I, III2 and IV, quantitation in one 1D BN gel, ordinate represents 
optical density of CBB staining) in both age groups. Significant P-value: ***P < 0.001, in comparison to 
young rats. 
 
The proportion of individual complex III2 to complex III2 in supercomplexes III2IV1 and  
I1III2IV0-3 gives a hint on the formation of supercomplexes in both age groups. The proportion 
of individual complex III2 slightly increased in cortex (0.20-fold in young and 0.26-fold in aged 
animals, Fig.  4-14) during ageing due to the more pronounced decline of complex III2 
containing supercomplexes. But in both ageing states, the majority of complex III2 was 
present in high molecular assemblies with other respiratory chain complexes. In striatum as 
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well as in hippocampus different proportions of individual complex III2 to complex III2 
assembled existed within the age-groups. In mitochondria of young rats in both brain areas 
the quantity of individual complex III2 was similar to complex III2 in supercomplexes (striatum: 
0.9-fold, hippocampus: 1:1). In old rats more complex III2 was assembled in supercomplexes 
compared to individual complex III2 resulting in a ratio of 1.4 for striatum and 2.4 for 
hippocampus. Noteworthy, comparing all three brain areas studied, the cortex had the 
highest ratio (5) of supercomplexes in relation to individual complex III2. The increase of 
supercomplexes in striatum during ageing occurred mainly due to an increase of III2IV1 
abundance. Also on the absolute scale, the inner mitochondrial membrane in cortex showed 
the highest abundance of supercomplexes. Only in the aged state, both cortex and 
hippocampus had comparable amounts, much more than in striatum. 
 
 
Fig. ‎4-14. Complex III dimer as individual complex III2 (black column) and complex III2 assembled in 
supercomplexes (I1III2IV0-3) in young and aged rats of cortex, striatum and hippocampus. Significant P-
value: *0.05 > P > 0.01, ***P < 0.001, in comparison to young rats. 
 
4.2.2.4 Age-associated abundance-changes of non-OxPhos proteins 
Besides OxPhos complexes and supercomplexes there are numerous mitochondrial and 
non-mitochondrial proteins separated on gels by PAGE that are involved in or affected by 
ageing. For the mitochondrial aconitase 2 (ACO2) in both, cortical and striatal mitochondria, 
no age-related alterations in protein abundance occurred (Fig.  4-15). However, in 
hippocampus there was a 1.7-fold abundance increase during ageing. In all three brain areas 
comparable amounts of ACO2 were present. 
During ageing, in rat brain cortex and striatum the amount of the mitochondrial heat shock 
protein (HSP)60 decreased (Fig.  4-15, cortex: 2.1-fold, striatum: 1.8-fold). Contrary, in 
hippocampus no significant age-associated alteration occurred. Whereas in cortex and 
hippocampus comparable amounts of HSP60 were present, in striatum only half that amount 
was found. 
The amount of the Na+/K+-ATPase is decreased about 1.7-fold and 2.4-fold, respectively, in 
the cortex and striatum of aged rats (Fig.  4-15). In hippocampus a pronounced age-
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associated increase about 3.3-fold occurred. The relative proportion of the Na+/K+- ATPase in 
the crude mitochondrial preparations was by far the highest in cortex. 
 
Fig. ‎4-15. Age-associated abundance changes of non-OxPhos mitochondrial and non-mitochondrial 
proteins: mitochondrial aconitase 2, mitochondrial heat shock protein (HSP)60 and sodium-potassium 
ATPase. Significant P-value: *0.05 > P > 0.01, in comparison to young rats. 
 
The abundance of the vacuolar H+-ATPase (V-ATPase) is not changing during ageing in all 
brain areas studied (Fig.  4-16). Moreover, the total amount is comparably in cortex, striatum 
and hippocampus. 
 
Fig. ‎4-16. Abundance of the vacuolar H+-ATPase is not changing during ageing in all brain areas analyzed 





To disclose the nature of brain ageing and of ageing-accompanied neurodegenerative 
disorders like Alzheimer‘s or Parkinson’s, the mitochondrial proteome of three brain areas 
(cortex, striatum and hippocampus) was analyzed. Variations in abundances of mitochondrial 
proteins, especially belonging to the oxidative phosphorylation machinery, may help to 
understand the process of ageing or to find causes for the appearance of age-associated 
diseases. There is evidence for age-related alterations in the whole brain (Ekstrom et al., 
1980; Frenzel, 2006; Groebe et al., 2007; Poon et al., 2006b; Rao et al., 1990), but the organ 
is extremely complex due to the fact it is composed of divergent brain areas exhibiting 
individual anatomy, physiology, metabolism and function. The mitochondrial proteome of the 
three different brain areas cortex, striatum and hippocampus was compared to discover age-
associated changes in protein abundances as well as protein-protein-interactions. 
Mitochondria isolation from non-frozen tissue and efficient protein solubilisation were 
essential for this analysis to ensure quantitative comparison of the protein profiles of these 
three brain areas in two age groups. 
Considering all data obtained, ageing occurs different in cortex, striatum and hippocampus in 
respect to changes in the mitochondrial proteome. The overall age-associated decrease in 
protein abundances of OxPhos complexes and supercomplexes and non-OxPhos proteins 
(HSP60, Na+/K+-ATPases) observed for cortex is comparable to that of whole rat brain 
(Frenzel, 2006; Groebe et al., 2007). This is not surprising since the cortex represents the 
largest brain region. In striatum only minor changes (except an increase in abundance of 
supercomplexes III2IV1, I1III2 and a decrease in I1III2IV3) occurred and in contrast to cortex, 
the protein abundances were slightly increased by trend. Therefore, the metabolic 
performance of this brain area seemed to be unaffected during the ageing process. 
Pronounced age-associated alterations were found in hippocampus. All OxPhos complexes 
and non-OxPhos proteins analyzed increased in abundance (besides HSP60 and  
H+-ATPase) – and some to a large extent up to 8-fold. The results will be itemised below in 
detail.  
 
Divergent alterations in the oligomeric state but convergent loss in stability of ATP 
synthase in cortex, striatum and hippocampus 
Changes in the amount of ATP synthase should have an impact on the overall energy supply 
of a cell. There is evidence for decreased metabolic energy (ATP, NADH+H+) generated in 
neurons during ageing (Rothman and Mattson). Three conditions may change during ageing 
concerning the ATP synthase: (1) decrease or increase in protein abundances (V1-V4), (2) 
variations in the ratio of ATP synthase monomer (V1) to oligomeric state (V2-4) and (3) level of 
non-assembled enzyme (soluble F1).  
The total amount of mitochondrial ATP synthase (sum of V1-V4) in cortex, striatum and 
hippocampus was comparable (Fig.  4-9). Its 1.25-fold decrease in abundance in cortex 
(Frenzel et al., 2010b; Seelert et al., 2009) was previously described for whole rat brain 
(Groebe et al., 2007), liver (Dani et al., 2009) and skeletal muscle (Lombardi et al., 2009) as 
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well as for the fungus Podospora anserina and human cells (Groebe et al., 2007). While in 
striatum no age-associated change in the protein abundance of complex V occurred (1.1-fold 
increase), there was a comparable 1.2-fold increase of complex V in hippocampus. These 
changes in abundance have to be related to the enzyme activity and the cellular ATP content 
for all brain regions and ageing states in future.  
In cortex, striatum and hippocampus the amount of ATP synthase oligomers (V2-V4) 
remained constant. Only complex V monomer changed in abundances. In both, striatum and 
hippocampus there was an increase of complex V monomer about 1.3-fold and 1.5-fold, 
respectively (Fig.  4-9). In contrast, in cortex the monomer was decreased in abundance 
about 1.5-fold. It has to be determined, if oligomerisation of the ATP synthase modulates its 
specific activity. In Chlamydomonas reinhartii, the mitochondrial FOF1 ATP synthase is only 
present as dimer (Schwassmann et al., 2007). The importance of complex V dimerization is 
becoming apparent since ATP synthase oligomers are involved in cristae formation by 
inducing curvature of the inner mitochondrial membrane as, e.g. described for yeast 
(Bornhövd et al., 2006; Gavin et al., 2004; Gilkerson et al., 2003; Giraud et al., 2002; 
Paumard et al., 2002) and bovine heart (Gilkerson et al., 2003; Minauro-Sanmiguel et al., 
2005). Cristae themselves are important for the localization of OxPhos complexes and 
therewith the efficiency of energy conversion (Zick et al., 2009). The overall relatively 
constant level of complex V oligomers observed may give a hint for their essential role in 
maintaining the spatial structure of the inner mitochondrial membrane and optimal energy 
supply.  
Individual F1 (not assembled with FO) was found to represent a reliable ageing marker in all 
three brain areas, cortex, striatum and hippocampus, because of its 1.5 to 4.8-fold age-
associated abundance increase that will have a large impact on the cellular ATP 
concentration. In all three brain areas studied, ageing was accompanied by an increase of 
the water soluble F1-part (Fig.  4-10, Table  4-3) that represent at maximum in the cortex of 
aged rats 9% of the total F1. An increased amount of unbound F1 could be indicative of an 
age-associated instability of ATP-synthase and/or less assembled complex resulting in 
pronounced uncontrolled ATP hydrolysis. This observed increase of unbound F1 might lead 
to an increase of ATP hydrolysis and to a severe decline of the cellular ATP-pool, especially 
pronounced in cortex (highest amount of unbound F1 compared to the total F1) and 
hippocampus (largest age-associated increase of unbound F1).  
 
Antidromic age-related abundances-changes of respiratory chain complexes and 
supercomplexes in cortex and hippocampus 
The individual respiratory chain complexes I, III2 and IV are not randomly distributed in the 
inner mitochondrial membrane but naturally assembled in so called supercomplexes of 
specific stoichiometries (Krause, 2007; Schäfer et al., 2006; Schägger and Pfeiffer, 2000; 
Schon and Dencher, 2009; Seelert et al., 2009). They were isolated reliably from 
mitochondrial membranes using gentle solubilisation conditions (Fig.  4-7). The supercomplex 
formation permits efficient substrate channelling and is essential for the stability and activity 
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of the interacting complexes (Fig.  4-6) (Schäfer et al., 2006; Schägger and Pfeiffer, 2000; 
Schon and Dencher, 2009). Efficient substrate channelling reduces ROS generation. While 
complex III2 and complex IV were also present as individual complexes (Table  4-3), 
complex I was almost solely assembled as supercomplexes in rat brain cortex, striatum and 
hippocampus. In contrast, individual complex I was found in mitochondria from rat skeletal 
muscle (Lombardi et al., 2009), rat heart (Gómez et al., 2009) and rat liver (Dani et al., 2009). 
In rat cortex, striatum and hippocampus complex I total abundance was reflected by the 
amount of complex I containing supercomplexes. Both, complex I as well as complex III2 
require supercomplex formation together with complex IV (I1III2IV1-X) for optimal specific 
enzyme activity [(Frenzel et al., 2010b; Schäfer et al., 2006) and present study Fig.  4-6]. The 
abundances of individual complex III2 and complex IV altered distinct during ageing in all 
three analyzed brain areas (Table  4-3). During ageing, the abundance of both enzymes 
decreased in cortex while it remained mainly constant in striatum but increased in 
hippocampus.  
The supercomplex formation was analyzed by comparing the proportion of individual 
complex III2 to complex III2 assembled in supercomplexes (III2IV1 and I1III2IV0-3, Fig.  4-14). It 
was demonstrated in the present study (Fig.  4-6, Fig.  4-20) as well as by Schäfer et al. 
(2006), that the assembly of complex I and III2 with one or more copies of complex IV is 
leading to an increased specific activity of both complexes I and III2. Alterations in the 
supercomplex formation in cortex, striatum and hippocampus are distinct. 
(1) In cortex the total amount of all respiratory chain complexes present (as individual 
complexes as well as in supramolecular assemblies) was slightly decreased about 1.13-fold 
in aged rats (Fig.  4-13 B). The pronounced decrease of the complex I containing 
supercomplexes I1III2IV0-3 was not accompanied by an increase in the amount of the smaller 
supercomplex III2IV1 (remaining unchanged) or of the individual complex III2 or IV. But the 
individual complex III2 compared to complex III2 assembled with other respiratory chain 
complexes increased in proportion. That in mitochondria of aged rats less formation of 
complex I containing supercomplexes occurred was indicated by two observations: Firstly, 
the relative increase of individual complex III2 in relation to supercomplexes and secondly the 
unchanged ratio of III2IV1 by a general decline of individual respiratory chain complexes and 
larger supercomplexes. To minimize changes in the energy status, the relative proportion of 
supercomplexes containing complex IV, characterized by higher complex I and III2 activity, 
increased (Table  4-3), also discussed by Silvestri et al. (2011) for rat brain and skeletal 
muscle. Supercomplex I1III2 decreased about 2.4-fold and supercomplex I1III2IV1 about 1.4-
fold. Since no individual complex I was observed in both ageing states, its expression was 
down regulated or the enzyme disassembled into its subunits. In cortex, the decline in 
respiratory chain complexes was accompanied by an overall decrease of the ATP synthase 
(1.2-fold). The detrimental decrease of ATP that might result may be counter balanced by the 
observed age-associated increase in the relative proportion of supercomplexes I1III2IV1 and 
I1III2IV2-3 showing the highest specific activity of complex I and III2 as described for rat 
skeletal muscle (Silvestri et al., 2011). Supercomplex b is the most pronounced 
supercomplex in all brain regions and in all ageing states. As pointed out in chapter  4.2.1, the 
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highest activity of complex I was found especially in this supercomplex (Fig.  4-6). Also 
Schäfer et al. (2006) described an increase of complex I (2.3-fold) and complex III2 (16.5-
fold) activity after binding one copy of complex IV to supercomplex I1III2 forming I1III2IV1. 
Comparative results were described for whole rat brain (Frenzel, 2006) and rat skeletal 
muscle (Lombardi et al., 2009). The cortex is essential for cognitive functions (learning and 
memory). Most learning and memory processes take place in young individuals at the 
beginning of the life time. Later on, aged individuals may solely use already learned skills 
and less memory and learning processes are performed compared to young. This might 
explain the decrease of proteins belonging to the oxidative phosphorylation machinery as 
well as in the proportion of supramolecular assemblies during ageing. The cortex is 
susceptible for neurodegenerative diseases like Alzheimer’s, Parkinson’s and Huntington’s. 
The neuronal number in the part of the cortex important for memory processes and in the 
hippocampus in non-human primate decreased the most (up to 30%) (Smith et al., 2004). 
Therefore, animals lost a lot of brain functions (memory) due to the malfunction of these 
regions (McIntyre and Craik, 1987; Spencer and Raz, 1995). In general, the cortex seems to 
have the largest energy demand of all three brain areas studied. According to the results 
presented in Fig.  4-12, Fig.  4-13 and Fig.  4-14, in mitochondrial membranes all respiratory 
chain complexes were more abundant in cortex than in striatum and hippocampus.  
(2) In line with the data described for cortex, in striatum the abundances of all respiratory 
chain complexes (individual and assembled as supercomplexes) decreased about 1.2-fold 
(Fig.  4-13 B) during ageing. But in contrast to cortex, formation of supercomplexes (III2IV1 
and I1III2IV0-3) increased to a small extent. While in mitochondria of young rats nearly the 
same ratio of individual complex III2 to complex III2 in supercomplexes was found (1.1-fold), 
the proportion of assembled complex III2 increased (1.4-fold) in aged rats. This increase was 
mainly caused by an increase of the smaller supercomplex III2IV1 (2.2-fold, Fig.  4-11) while 
the larger supercomplexes I1III2IV0-3 were unaffected by age (Fig.  4-13 A). Generally, striatal 
membranes contained up to 7-fold less supercomplexes in the inner mitochondrial 
membranes than cortex (Fig.  4-11, Fig.  4-12). Additionally, all changes are rather small 
(except for III2IV1) compared to those in cortex and hippocampus, including alterations in the 
amount of the ATP-synthase and the soluble F1-part. The striatum is the main input structure 
of the basal ganglia (Ferre et al., 2010) and important for planning, modulation and 
connection of movement, motivation and emotion. Aged rats are characterized by reduced 
movement but they are able to move until they die. Therefore, no pronounced age 
associated changes of the mitochondrial proteome occurred in this brain area. Diseases 
developing by mal-function of striatum are e.g. Chorea Huntington, tremor and Parkinson’s.  
(3) In the present study, it was demonstrated that ageing occurs antidromic in the 
hippocampus of rats. In hippocampus, a pronounced age-associated increase in protein 
abundance was found for all individual respiratory chain complexes (1.38-fold for 
complex III2, 1.37-fold for complex IV) and especially for supercomplexes (III2IV1 and  
I1III2IV0-3) up to 8-fold (Fig.  4-11, Fig.  4-12, Fig.  4-13, Table  4-3). In the inner membrane of 
hippocampal mitochondria of young rats even less respiratory chain complexes were present 
that in striatum. Therefore, even though this pronounced 8-fold increase in the abundance of 
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respiratory chain complexes in hippocampus during ageing is remarkable, the total protein 
amount was still smaller than that in cortex. In aged rats additionally there was more 
supercomplex formation. Approximately 71% of all complex III2 present was assembled with 
other respiratory chain complexes but to a less extent than in cortex (79%). The increase of 
individual respiratory chain complexes and supercomplexes was accompanied by an 
increase of the ATP synthase (1.2-fold). In hippocampus of aged animals a higher energy 
level seems to exist according to these data. The hippocampus is evolutionally one of the 
oldest brain regions and important for learning and memory (conversion from short-term to 
long-term memory). It is extremely vulnerable to psychosocial and environmental chronic 
adverse stress, e.g. Parkinson’s and Alzheimer’s disease (Cerqueira et al., 2007; Driscoll 
and Sutherland, 2005; Miller and O'Callaghan, 2005; Rothman and Mattson). Cortex and 
hippocampus are interacting to form memory and during learning processes. Loss of 
hippocampal activity is accompanied by a loss in memory storage. In ageing studies, this 
brain area represents a target of interest due to its almost evolutionally conserved structure. 
No overall age-associated loss of cells or synapses were observed in this brain area 
although a reduction in the volumes was observed in non-human primates (Smith et al., 
2004). In contrast to the other brain regions, in hippocampus of also adults neurogenesis 
takes place, enabling recovery and response on external stress as well as maintenance of 
memory function. Cells are regenerating during life time and this brain area consists of a 
mixture of cells: young, middle aged as well as old. Additionally, in hippocampus almost 
every cell type occurring within the brain was found and hippocampal cells are characterized 
by high plasticity.  
To conclude, ageing in the three brain areas examined occurs by different alterations in the 
protein profiles, as demonstrated in this study. Therefore, it is necessary to perform discrete 
assays for each brain area. If the whole brain is analyzed, data of proteome studies reflect 
mainly the situation in the cortex, the largest brain area (Frenzel, 2006). The cortex, striatum 
and hippocampus are characterized each by specific function and also by specific 
composition of cell types with different metabolic emphasis. They contain the same proteins 
but expressed to a cell-specific demand. 
 
Age-associated changes of mitochondrial non-OxPhos and non-mitochondrial 
proteins 
The mitochondrial aconitase 2 (ACO2), a key enzyme of the citric acid cycle (Krebs cycle) 
with additionally new functions (metabolic signaling and maintenance of mtDNA), is playing 
an important role in mitochondrial ageing (Hunzinger et al., 2006 and references cited 
therein). It is a soluble enzyme located in the mitochondrial matrix and catalyzes the stereo-
specific isomerization of citrate to iso-citrate in the tricarbonic acid cycle (Beinert and 
Kennedy, 1993). The enzyme is known to be vulnerable to posttranslational modifications 
like oxidation, influencing cell death and survival and resulting in several pathologies. Due to 
posttranslational modification 14 different isoforms have been observed that might influence 
the activity of the enzyme (Hunzinger et al., 2006; Yan et al., 1997). There are modifications 
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known to enhance the function of the aconitase (N-formylkynurenine) as well as 
modifications (carbonylation) affecting it (Yan et al., 1997). Carbonylation leads to decreased 
ACO2 activity in housefly. The posttranslational modification being most abundant for 
proteins in rat brain mitochondria is carbonylation (Prokai et al., 2007). The connection 
between reduced aconitase 2 activity combined with increased oxidative modification and 
simultaneous reduction of life span was demonstrated for brain and kidney of mammals and 
for insects (Carney et al., 1991; Yarian et al., 2005; Yarian and Sohal, 2005). The aconitase 
is a water soluble protein. Its protein abundance on 2D-SDS gels is independent of 
solubilisation efficiency. In cortex and striatum no age-associated abundance changes 
occurred in line with data from Podospora anserine, human cells (Groebe et al., 2007) and 
insects (Yarian et al., 2005; Yarian and Sohal, 2005). However in rat brain hippocampus an 
increased amount of ACO2 was found in aged rats (1.7-fold, Fig.  4-15) accompanied with 
enlarged protein abundances of OxPhos complexes indicating a higher metabolic activity in 
this brain area (Fig.  4-11 and Fig.  4-12). Since the tri carbon acid cycle and respiratory chain 
have to work in concert for optimal and efficient energy conversion (aconitase is supplying 
the latter with most of the required electron carrier as e.g. NADH + H+), the age-associated 
increase in abundance of the aconitase 2 and the increase in abundance of individual 
respiratory chain complexes and supercomplexes as well as ATP synthase observed in 
hippocampus fulfill that requirement.  
The mitochondrial heat shock protein 60 (HSP60) is located in the mitochondrial matrix and 
acts as chaperone for proteins transferred into the mitochondria. Chaperones are highly 
conserved proteins, essential for protein-folding and cognition of misfolded or damaged 
proteins. They are involved in intracellular signaling, protein transport and apoptosis. Several 
chaperones are known to have an impact on cellular senescence (Di Felice et al., 2005) and 
in maintaining mitochondrial functions in the brain (Shankar, 2011). Mitochondrial HSP60 is 
known to feature proapoptotic functions as opposed to the cytoplasmic form (Arya et al., 
2007; Di Felice et al., 2005). In cortex and striatum an age-associated decrease in HSP60 
abundance was observed about 2.1-fold and 1.8-fold, respectively (Fig.  4-15). The amount of 
HSP60 in the hippocampus was comparable in both ageing states. It was similar in 
abundance to that of cortex in young rats. In striatum there was the smallest amount of 
HSP60. Unchanged level of mitochondrial HSP60 in hippocampus indicates a higher amount 
of misfolded and damaged proteins compared to cortex and striatum possibly induced by the 
increased metabolism suggested for hippocampus that may lead to increased ROS 
production and oxidative damage of proteins. For cells in culture distinct age-related 
abundance-changes of HSP60 have been described. Di Felice et al. (2005) postulated an 
overall increase in HSP60 abundance when entering the senescence stage, suggesting a 
regulatory effect of HSP60 on cell cycle and cytoskeleton remodeling. Lee et al. (2009) found 
no age-related or oxidative stress induced changes in the protein amount of cytoplasmic and 
mitochondrial HSP60 in sum. But after oxidative stress, the mitochondrial HSP60 was 
transferred to the cytosol suggesting a regulatory effect on apoptosis. In mollusks as well as 
in rat heart and liver the amount of mitochondrial HSP60 decreases during ageing (Colotti et 
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al., 2005; Ivanina et al., 2008) while in rat skeletal muscle there is an increase (Chung and 
Ng, 2006) indicating tissue specific changes.  
Na+/K+-ATPases are integral membrane enzymes of high molecular mass. They are 
necessary to maintain the ionic imbalance across membranes required for neuronal function 
(Ashmore et al., 2009; Scherer et al., 2009) with a large consumption of ATP to restore the 
ion gradients (membrane potential) after transmitting electrical signals (Budd and Nicholls, 
1998). The Na+/K+-ATPase as transmembrane protein is residing in plasma membranes. It is 
ubiquitously expressed and essential for the generation and maintenance of the 
electrochemical gradient by transferring three Na+ out of the cell in exchange to two K+ taken 
in. This transport is driven by hydrolyzing one ATP molecule. The enzyme is highly 
evolutionarily conserved, essential for normal brain function and the predominant consumer 
of cellular ATP especially in neural cells (Ashmore et al., 2009; Blanco and Mercer, 1998). 
While in other cell types, the Na+/K+-ATPase utilizes 40% of all cellular ATP, in neurons this 
enzyme is responsible for 2/3 of the cells energy. In brain, the expression and activity of 
Na+/K+-ATPase is especially high (Attwell and Laughlin, 2001; Beal et al., 1993; Erecinska 
and Dagani, 1990). To maintain ionic gradients, they are present with multiple proteins in 
large complexes additionally involved in cell adhesion, polarity, signaling and endocytosis 
(Ashmore et al., 2009; Cai et al., 2008; Cereijido et al., 2008). In the present study, in cortex 
and striatum the abundance of the Na+/K+-ATPase declined with age about 1.7-fold and 2.4-
fold, respectively (Fig.  4-15). In rat brain an age-associated reduction in activity of about 20% 
has been observed in general in line with my results from cortex and striatum. In other 
studies, that decrease was accompanied additionally by a 20-70% decrease in protein 
abundance (Arivazhagan and Panneerselvam, 2004; Haynes et al., 2010; Kaur et al., 2001). 
The specific activity for the exchange of Na+ and K+ remained mainly constant but the 
ATPase activity was decreased about 40%, whereas more ATP was required for maintaining 
full Na+/K+-ATPase activity (Haynes et al., 2010). The enzyme is known to be sensitive to the 
lipid composition (Arivazhagan and Panneerselvam, 2004) that is changing during ageing. Of 
all brain areas, the largest amount was found in cortex. The 3.3-fold abundance increase of 
Na+/K+-ATPase, the major ATP consumer (2/3 of all ATP in neuronal cells), in hippocampus 
indicates pronounced changes in the cellular energy requirement. The higher required 
energy demand is compensated in aged animals by the increase of proteins belonging to the 
oxidative phosphorylation machinery (respiratory chain complexes and supercomplexes as 
well as ATP synthase) and of the aconitase (Fig.  4-13, Fig.  4-15), indicating a larger turnover 
supplying the necessary reduction equivalent of the Krebs cycle. This again underlines 
differences in metabolic conditions of the three brain regions analyzed.  
The protein abundance of the vacuolar H+-ATPase (V-ATPase) was comparable in all three 
brain areas and in both ageing states (Fig.  4-16). This non-mitochondrial enzyme represents 
one of the most essential proteins in nature that exclusively acts as ATP-dependent proton 
pump. V-ATPases have a key role in the brain for neuronal transmission at neuronal 
terminals. They represent the major constituent of brain synaptic vesicles (20% of total 
membrane proteins) and generate the electrochemical gradient of protons across the 
membranes of vesicles used as driving force for transmitter import (Moriyama and Futai, 
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1990; Moriyama et al., 1992). V-ATPases of plants and animals show the same structure and 
essentially the same subunit composition (Moriyama and Nelson, 1989a, b). They are found 
also in membranes of several organelles (e.g. Golgi complex, lysosomes) as well as in 
plasma membranes and in mitochondria-rich cells (Harvey, 1992). Mitochondria have been 
found to localize next to membranes containing V-ATPases and even to migrate towards 
these membranes, when ion transport processes are induced (Bradley and Satir, 1981). 
Therewith, ATP is directly available to power these H+-transporting processes.  
 
The quest for “housekeeping” proteins 
For quantitative analysis of age-related alterations in the proteome of e.g. tissues or cell 
organelles, normalization factors are essential to compare different samples. Proteins 
present in constant amount, not affected by the cellular response to be studied, e.g. from the 
metabolic status, ageing or development of the cell, are referred to housekeeping proteins. 
Housekeeping proteins may differ between different types of model organism, tissues and 
even cell types due to the fact, that these proteins are involved in basic cellular functions as 
e.g. major metabolic pathways (Butte et al., 2001; Eisenberg and Levanon, 2003). In the 
current study, several proteins were studied for their ability to serve as housekeeping protein. 
Most proteins analyzed were membrane proteins. Hence, to fulfil the requirement for the 
present study, housekeeping proteins should belong to the class of integrated membrane 
proteins. This would allow, to use them as normalization factors for alterations in the 
solubilisation efficiency during ageing. Ideally for the present study the housekepping 
proteins should reside in membranes, however also water soluble housekeeping proteins 
might be useful.  
In cortex and striatum no age-associated changes of the mitochondrial aconitase occurred in 
line with data from Podospora anserine, human cells (Groebe et al., 2007) and insects 
(Yarian et al., 2005; Yarian and Sohal, 2005). Hence, it was thought to be able to serve as 
housekeeping protein. However, in rat brain hippocampus an increased amount of ACO2 
was found in aged rats (1.7-fold, Fig.  4-15). Therefore, for the present study, the 
mitochondrial aconitase does not fulfill the qualification of a housekeeping protein to compare 
all three brain areas due to the fact that it is present to a different extent. But it can be used 
to compare solely cortex and striatum. 
In contrast to the mitochondrial aconitase 2, HSP60 cannot be used as housekeeping protein 
in rat cortex and striatum, due to the age-associated decrease, but for hippocampus 
(Fig.  4-15). In the hippocampus the amount of HSP60 was comparable in both ageing states 
and represents therefore a housekeeping protein only for this brain area. 
In the three brain areas studied here, cortex, striatum and hippocampus, the abundance of 
the Na+/K+-ATPase changed differently during ageing (Fig.  4-15). Therefore, also this 
enzyme was not qualified as housekeeping protein. 
The only enzyme having constant protein abundances in all three brain areas and for both 
ageing states was the vacuolar H+-ATPase (V-ATPase, Fig.  4-16). Hence, it might be applied 
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as housekeeping protein. That V-ATPases function as housekeeping gene with constitutive 
expression was already described for Neurospora crassa (Wechser and Bowman, 1995). 
There are similarities in the structure of genes and promoter elements with other mammalian 
housekeeping genes. V-ATPases as membrane proteins have to be solubilized for further 
analysis on PAGE and depict therefore all properties a housekeeping protein should fulfill in 
the present study. 
 
4.2.3 Mitochondrial proteins of cortex from aged rats are less carbonylated 
Determination of oxidative modifications was performed by the OxyBlot assay 
(chapter  3.10.3) to analyze the level of carbonylation in cortex mitochondria isolated from 
rats of different age (Fig.  4-17). Of each age group two animals were included in the study.  
 
Fig. ‎4-17. Determination of the level of carbonylation in cortex mitochondria of each two young (Y1 and 
Y2) and aged (O1 and O2) rats by OxyBlot [right, visualization with alkaline phosphatase, PVDF 
membranes] after separation of mitochondrial proteins (30 µg) on 1D SDS gels [left, 5% stacking gel and 
13% separation gel, stained with Fermentas after blotting]. As control and mass standard, bovine serum 
albumin (BSA, 5 µg, 60 kDa) was loaded. As negative control for immuno-binding a non-derivatized 
mixture of young and aged mitochondrial proteins (OY1, each 15 µg) and BSA was used. As positive 
control one sample of each age group was incubated previously with H2O2. 
As depicted in Fig.  4-17, the protein transfer during blotting was mostly homogeneous and 
the immuno-binding specific. No signal was obtained from non-derivatized samples. Larger 
amounts of carbonyl-groups were present in mitochondrial proteins of high molecular mass 
of young rats (Y1 and Y2) compared to aged (O1 and O2). It seems that both young samples 
analyzed were maximal oxidized since the intensity of the immuno-signal was similar 
compared to the sample of young rats treated with hydrogen peroxide (H2O2) before 
derivatization. In the mitochondria of aged rats, less carbonylation of proteins occurred. The 
level of oxidative modified protein residues in aged rats (O1 and O2) was less than that of 
the H2O2-exposed aged rat sample for the high molecular mass band. The signal intensity of 
the latter was similar to that of young rat samples (untreated and oxidized). Noteworthy, the 
level of carbonylation was comparable in each age group. The amount of oxidative post-
translational modification of proteins was much less in mitochondria of aged rats than in 
young. 
Referring to the „Free Radical Theory of Ageing“ (Harman, 1956), according to which ROS 
accumulate during ageing and lead to increased oxidative damages of proteins, especially 
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within the mitochondria, an age-associated increase of oxidative modifications was 
suggested. This postulation cannot be confirmed by the present data, at least not for 
mitochondrial proteins of rat cortex. Hutter et al. (2007) found higher levels of ROS 
production in young compared to aged human skeletal muscle and no increase in oxidative 






4.3 The effect of MPP+ and 9-methyl-β-carboline on the OxPhos 
complexes in vivo and in vitro 
Data described in this chapter have been already published: 
Wernicke C., Hellmann J., Zieba B., Kuter K., Ossowska K., Frenzel M., Dencher N.A., 
Rommelspacher H. (2010). 9-Methyl-beta-carboline has restorative effects in an animal model of 
Parkinson's disease. Pharmacol. Rep. 62, 35-53. 
 
Ageing is often accompanied by neurodegenerative disorders like Alzheimer‘s or 
Parkinson’s. Brain deficiencies affect the quality of life to a large extent. Possible causes are 
neuronal loss or shrinking of neuronal cells, both leading to reduction of the brain volume. 
But in some brain areas like hippocampus the number of neurons remains nearly constant 
during ageing. Therefore, also other mechanisms (alterations in the metabolic state or 
energy production) are leading to age-associated diseases or deficits in brain maintenance 
(Miller and O'Callaghan, 2005). 
1-Methyl-4-phenylpyridinium (MPP+) is an active neurotoxic metabolite of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). It was used as herbicide. In the brain, MPTP is converted 
by the enzyme monoamine oxidase B to MPP+ (Sonsalla et al., 2010). The compound 
reduces dopamine levels within the brain by inducing mitochondrial dysfunctions, that itself 
lead to the loss of dopaminergic neurons in the substantia nigra. In Parkinson’s disease (PD) 
similar alterations occur. Hence treatment with MPP+ is widely used (e.g. in rodent and cell 
models) to elicit neurochemical alterations associated with PD (Petit-Paitel et al., 2009). The 
neurotoxin is a selective inhibitor of the mitochondrial OxPhos complex I and induces 
depletion of ATP concentration and induces neuronal apoptosis.  
9-Methyl-β-carboline (9-me-BC) has neuroprotective properties. It protects cells from death 
and reverses the effect of MPP+ (Wernicke et al., 2010).  
The restorative effect of 9-methyl-beta-carboline was studied in vivo in an animal model 
(Wistar rats) and in vitro on HEK cells. The abundance of OxPhos (super)complexes and 
activity and mitochondrial HSP60 was analyzed after treatment with only MPP+ and MPP+ 
together with 9-me-BC. 
 
4.3.1 9-Methyl-β-carboline has restorative effects on the OxPhos machinery in an 
animal model of Parkinson's disease 
The rat model used has been reported by Yazdani and coworkers (2006). It is based on the 
damage of dopaminergic neurons due to chronic delivery of the neurotoxin MPP+ into the left 
cerebral ventricle. MPP+ delivery to rats over a four-week period followed by a two-week 
period of vehicle infusion provides a chronic model of mitochondrial dysfunction without 
mortality and low inter-animal variability with regard to the degree of neuropathology. As 
described in chapter  2.6.2, three groups of rats with different treatment were included in this 
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study. All animals received subcutaneously infusions into the left cerebral ventricle. The first 
group was treated for 28 days with MPP+ (0.284 mg/kg/day) and subsequently with 9-me-BC 
(0.105 mg/kg/day) for 14 days. The second group received MPP+ for 28 days followed by 
saline for 14 days. The third group was sham-operated twice at an interval of 28 days. At the 
end of the 42 day infusion, all animals were killed and the mitochondria isolated from both left 
and right striatum immediately upon dissection of brain areas without preceded freezing of 
tissue.  
The delivery of 0.284 mg/kg/day MPP+ for 28 days followed by delivery of saline for 14 days 
caused an approximately 50% reduction in the dopamine levels in the left striatum (p < 0.001 
compared with both the sham-operated rats and with the right striatum), while the levels in 
the right striatum were in the range of sham-operated rats (5.1 ± 0.8 ng/mg of the tissue, 
n = 6). In rats treated with MPP+ and 9-me-BC, the dopaminergic level of the left striatal side 
was similar to those of the right (Fig. 1 in Wernicke et al., 2010). Therefore, 9-me-BC was 
restoring the effect of MPP+. 
It has been reported that some β-carbolines bind to complex I of the respiratory chain in 
mitochondria. This finding suggested that 9-me-BC might affect the respiratory chain as well. 
In search of an explanation for the restorative effect of 9-methyl-beta-carboline, changes in 
the abundance and activity of OxPhos (super)complexes and mitochondrial HSP60 were 
analyzed in striatum. Mitochondrial proteins were solubilized with digitonin as described in 
chapter  3.6.1 with a detergent to protein ratio of 8 g/g and separated using 2D BN/SDS 
PAGE.  
In summary, the overall composition of OxPhos complexes remained unchanged but the 
activity of complex I was increased by approximately 80% in mitochondria from rats treated 
with MPP+ and 9-methyl-β-carboline compared to MPP+ and saline and to sham-operated 
rats, as determined by measurements of nicotinamide adenine dinucleotide dehydrogenase 
activity by in-gel activity tests. The findings demonstrate restorative effects of 9-methyl-β-
carboline in an animal model of Parkinson’s disease that improve the effectiveness of the 
respiratory chain. A control showing solely the effect of 9-me-BC on the striatum was 
missing. 
 
4.3.1.1 No alterations in the abundance of OxPhos (super)complexes but in complex I 
activity of supercomplex I1III2IV2 
The rat model employed produces selective, progressive loss of nigrostriatal dopaminergic 
cells through perturbation of mitochondrial function (Yazdani et al., 2006). Considering that 
the dose of MPP+ used in the experiment caused only a 50% reduction in DA levels, it 
represents a model corresponding to an early stage of PD. Dysfunction of mitochondria could 
reveal key mechanism of the neurotoxic process and of PD. Therefore, the mitochondrial 
proteome of striatal tissue was analyzed with emphasis on the composition, abundance, 
protein-protein-interactions, and activity of membrane proteins and their modulation by 
consecutive treatment with MPP+ and saline and with MPP+ and 9-me-BC, respectively. By 
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application of BN-PAGE separating proteins in their native, active state and preserving all 
functional relevant protein-protein interactions, distinct protein bands containing either the 
individual complexes or the supercomplexes with a defined complex stoichiometry were 
identified (Fig.  4-18). Presented are the findings from mitochondria of the left and right striata  
 
Fig. ‎4-18. Analysis of the abundance and the 
supramolecular organization of mito-
chondrial proteins extracted from rat 
striatum. Rats were treated with MPP
+
 
(28 days) and then saline and 9-me-BC, 
respectively (14 days), delivered into the left 
ventricle. BN-PAGE (linear 4–13% gradient 
gel with a 3.5% stacking gel, stained with 
CBB G-250) of digitonin solubilized rat 
mitochondria. For mass calibration, high 
molecular weight (HMW) protein standard 
and digitonin-solubilized bovine heart 
mitochondria (BHM, 3 g/g) were used: 
individual complexes I–IV (130–1000 kDa) and 
supercomplexes a–d (I1III2IV0–3, 1500–
2100 kDa). Membranes were solubilized with 
8 g digitonin/g protein. The characteristic 
bands of the individual OxPhos complexes I, 
III2, IV, IV2 and V and their preserved 
supercomplexes are recognizable. In 
addition, heat shock protein HSP60 and 
myelin proteins [Myelin basic protein isoform 
5, lipophilin (proteolipid protein)] are 
indicated. Abbreviations: striatum left sham-
operated control (SLC); striatum right, sham-
operated control (SRC); striatum left, MPP
+
 
and subsequently saline (SLM); striatum 
right, MPP
+
 and subsequently saline (SRM); striatum left, MPP
+
 and subsequently 9-me-BC (SLM+BC); 
striatum right, MPP
+
 and subsequently 9-me-BC (SRM+BC) 
 
from single rats, either sham-operated twice, treated with MPP+ and saline, or treated with 
MPP+ and 9-me-BC. The composition, abundance and proportion of respiratory chain 
complexes and respective supercomplexes as well as monomeric versus oligomeric (dimers, 
trimers, tetramers) assembly of the MFOF1 ATP synthase were comparable in all 6 samples 
(Fig.  4-19). The unaltered amount of proteins is in line with a previous study analyzing the 
dopaminergic system of PD patients (Schagger, 1995). Moreover, no abundance changes of 
the mitochondrial HSP60 (Fig.  4-19, description and role of HSP60 see also chapter  4.2.2.5) 
were observed. The specific activity of individual complex I and complex I in supercomplexes 
(sum of individual complex I and all complex I containing supercomplexes) was similar in all 
striata except in the striatum treated with 9-me-BC (Fig.  4-20 A). The activity of the left 
striatum from the rat treated with MPP+ and 9-me-BC was approximately 80% higher than 
that from the sham-operated rat and 75% higher than in the rat treated with MPP+ and saline. 
In this respect it is worth mentioning that about 90% of all complex I was found in various 
supercomplexes; only the remaining 10% were present as individual complexes. Therefore, 
we measured the complex I activity of the different supercomplexes. The specific activity of 
supercomplex I1III2IV2 was approximately 3-fold higher in the left striatum of the rat with the 
combined treatment as compared to both the sham-operated rat and the rat treated with 
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MPP+ and saline (Fig.  4-20 B). The specific activity of individual complex I was 2-fold less 
than that of I1III2 and 3-fold compared to I1III2IV1.  
 
 
Fig. ‎4-19. No significant changes in the abundance of complex I, complex I containing supercomplexes 
I1III2IV0-3, complex V (sum of ATP synthase monomer and dimer) as well as HSP60 were observed in all 
rats and respective right and left striata. [Data were obtained from quantitation of protein band separated 
on one 1D BN gel stained with CBB G-250 (n = 1).] Abbreviations: see legend of Fig. ‎4-18. 
 
 
Fig. ‎4-20. Specific NADH dehydrogenase activity (in relative units) of complex I in striatal mitochondria 
determined in 1D BN gels. (A) Enzymatic activity of all protein bands containing complex I, i.e., individual 
complex I and supercomplexes containing complex I, one copy of the complex III dimer and 0–3 copies of 
complex IV. About 90% of all complex I was assembled in the various supercomplex species. (B) NADH 
dehydrogenase activity of individual complex I (gray), supercomplex I1III2 (dotted), I1III2IV1 (open column), 
I1III2IV2 (hatched), and I1III2IV3 (black). Abbreviations: see legend of Fig. ‎4-18. 
 
The amount of mitochondrial HSP60 was determined as a non-membrane and non-OxPhos 
protein. The heat shock protein provides protection against intracellular dysfunction and cell 
death by maintaining the structure of mitochondrial proteins e.g. involved in oxidative 
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phosphorylation (Veereshwarayya et al., 2006). HSP60 abundance in the striata did not differ 
between the various treatment conditions. Noteworthy MPP+ does not affect the abundance 
of complex I, supercomplexes, complex V and HSP60. 
 
4.3.1.2 Summary 
As described in Wernicke et al. (2010), a single injection of MPP+ into the striatum of rats 
already induced retrograde damage of dopaminergic neurons in the substancia nigra, 
together with extensive oxidative stress (Miwa et al., 2004). In rats infused with MPP+ for 
several days, progressive changes in the behavior and neuronal alterations appeared 
correlated with typical syndromes of Parkinson’s disease (Fornai et al., 2005). The 
restorative effect of 9-me-BC after treatment with MPP+ was demonstrated in cell culture and 
for rats, e.g. rescue of damaged dopaminergic neurons (Wernicke et al., 2010).  
The loss of nigrostriatal dopaminergic cells after MPP+-infusion occurred due to perturbation 
of mitochondrial function induced by the inhibition of complex I (Nicklas et al., 1985). The 
degree of perturbation might be reflected by the amount of complex I expressed, the 
abundance of supercomplexes and specific enzyme activity. However, the protein patterns of 
substancia nigra from control individuals and patients with Parkinson’s disease did not differ 
(Schapira et al., 1990a; Schapira et al., 1990b). In mitochondria from frontal cortex of PD 
patients the 8 kDa subunit of complex I was decreased in abundance by 34% and the 
proteins comprising the catalytically active core of complex I were oxidative damaged 
(Keeney et al., 2006). In the present study, separation of OxPhos complexes and 
supercomplexes as well as in-gel activity tests was performed in BN-PAGE (Fig.  4-18) and 
determination of the subunit pattern of denatured complexes and supercomplexes in a 
subsequent SDS-PAGE. No changes in the abundance of OxPhos complexes or 
supercomplexes containing complex I (a finding not investigated by others) was observed in 
striatal mitochondria of rats treated with MPP+ (Fig.  4-19). Reduced catalytic activity of 
complex I in frontal cortex and substancia nigra, respectively, was reported for PD patients 
(Keeney et al., 2006; Schapira et al., 1990b) but not confirmed by others (Schagger, 1995). 
In the present study, no changes in the catalytic activity of isolated complex I and of 
supercomplexes were observed upon treatment with MPP+ possibly due to the fact that 
solely 50% reduction of the dopaminergic cells was observed while more than 80% is 
characteristic for PD. The In-gel measurement of complex I activity demonstrated that 9-me-
BC stimulated the enzyme activity of complex I in rats pre-treated with MPP+ by 80% 
(Fig.  4-20 A). This increase was mainly caused by supercomplex (I1III2IV2), which activity 
increased by 3-fold (Fig.  4-20 B). In the control rat, in line with cortex shown in chapter  4.2.1, 
the supercomplex I1III2IV1 had the highest specific activity of all complex I containing 
supercomplexes and compared to individual complex I. The protein amount of individual 
complex I was rather small (approximately 5% of the total complex I). In both striata of 
animals treated with MPP+ or MPP+ and 9-me-BC, the specific activity of 
supercomplexes I1III2 decreased while it increased for I1III2IV2 and I1III2IV3. It is tempting to 
speculate that 9-me-BC specifically interacts with the dimer of IV in I1III2IV2.  
  
124 
One has to keep in mind that MPP+ is suggested to kill predominantly neurons containing 
dopaminergic transporter. In the striatum or substantia nigra, there are several cell types 
present next to dopaminergic cells. While the neuronal cell bodies of dopaminergic cells are 
mainly in the substancia nigra, the neuronal terminals are located in the striatum. After 
4 weeks of exposure to MPP+ mainly dopaminergic cells are affected. These are suggested 
to die. Therefore, data obtained in the present study from analysis of the striatum are 
showing the mitochondrial protein profile of dopaminergic cells that may survived the MPP+ 
treatment or of those that entered already in the dying process as well as of healthy 
unaffected other cells. Additionally, 9-me-BC was added after the 4 week treatment with 
MPP+. Cells were therefore not protected during the MPP+ treatment. Only those, having only 






4.3.2 The effect of MPP+ and 9-me-BC on the mitochondrial proteome of HEK-(h)DAT 
cells 
In parallel to the animal experiments on rat substancia nigra described in chapter  4.3.1, the 
effect of 1-methyl-4-phenylpyridinium (MPP+) and the putative neuroprotectant 9-methyl-
beta-carboline on the mitochondrial proteome of human embryonic kidney cells (HEK-293) 
was analyzed. HEK-(h)DAT cells are stable transfected with human dopamine transporter 
(hDAT) gene (Storch et al., 1999). These cells are used to study the impact of the Parkinson-
inducing toxin MPP+ on mitochondrial OxPhos complexes and especially on complex I that 
was found to be inhibited by MPP+. The dopamine transporter is transporting MPP+ within the 
cells. The level of ATP is reduced in cells incubated with this neurotoxin (Storch et al., 1999). 
As described in chapter  4.3, 9-me-BC acts as neuroprotectant in rat. It has an enhancing 
effect on the specific activity of complex I in the respiratory supercomplex I1III2IV2 (Fig.  4-20).  
HEK-(h)DAT cells were seeded with 5x105 cells per 75 cm2 culture flask by Regina Hill 
(Technical Assistent of Prof. Rommelspacher, Charité Berlin, Fig.  4-21). After 48 hours MPP+ 
was added to the medium at a final concentration of 2 µM (sample 1-4). At the same time, 
sample 2 additionally received 9-me-BC at a final concentration of 100 µM. At day 5 (48h 
after adding of substances), sample 1 and 2 were harvested and isolation of mitochondria 
was performed immediately. The same day, for remaining cell samples a medium change 
was performed. Sample 3 and 5 received medium without any further additive, while to the 
fresh medium in sample 4 additionally 9-me-BC (100 µM) was added. Then after 48 hours 
cells were harvested and mitochondria isolated. The mitochondrial suspensions were frozen 
in liquid nitrogen and stored at -80°C.  
 
Fig. ‎4-21. Experimental setup to analyze the effect of MPP+ and MPP+ in combination with  
9-me-BC on the mitochondrial proteome of HEK-(h)DAT cells. Of sample 1-4 two 75 cm
2
 cell culture flasks 
were combined while of sample 5 one 175 cm
2
 cell culture flask was used for isolation of mitochondria. 
The experiment was performed only once by Wernicke. 
Mitochondrial proteins were solubilized with 8 g/g digitonin to protein and separated on 
2D BN/SDS gels. In the first dimension, the respiratory chain supercomplexes I1III2 (a) and 
I1III2IV1 (b) as well as complex V (ATP synthase) monomer (V1) and dimer (V2) were 
observed (Fig.  4-22 A). The individual respiratory chain complex IV was only visible in the 
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second dimension (Fig.  4-22 B). Additionally, the characteristic protein band of the 
mitochondrial heptameric HSP60 was present in the BN gel nearby a second band 
suggested to represent a smaller assembly state of this homooligomer (here referred to 
HSP60*). According to its position in the BN gel, it may possibly be a hexameric form of the 
homooligomer. But it cannot be excluded that it represents the heptamer and the upper band 
is a heptamer assembled with another protein. Such a double band of HSP60 was neither 
observed in rat brain (Frenzel, 2006; Frenzel et al., 2010b), skeletal muscle (Lombardi et al., 
2009; Reifschneider et al., 2006), liver (Dani et al., 2009; Thilmany, 2008) and heart 
(Reifschneider et al., 2006) or bovine heart (Frenzel, 2006; Reifschneider et al., 2006) nor in 
fungi (Krause et al., 2004b) or plants (Krause et al., 2004a) but in fibroblasts (chapter  4.4.1). 
Like in the rat brain cortex (Frenzel et al., 2010b), striatum and hippocampus (chapter  4.2) or 
rat skeletal muscle (Lombardi et al., 2009), complex I was almost solely present in high 
molecular supercomplexes assembled with only complex III2 (I1III2) as well as complex III2 
and IV (I1III2IV1-X). No individual complexes I, II and III2 were found in the first (Fig.  4-22 A) as 
well as the second dimension (Fig.  4-22 B).  
 
Fig. ‎4-22. Analysis of the abundance and the supramolecular organization of mitochondrial proteins 
isolated from HEK-(h)DAT cells. (A) BN-PAGE (small gel, linear 4–13% gradient gel with a 3% stacking gel, 
stained with CBB G-250) and (B) 2D SDS-PAGE (13% separating gel and 3% stacking gel, silver stained) 
of 8 g/g digitonin solubilized HEK-(h)DAT mitochondria of sample 1 (S1, incubated for 48h with 2 µM 
MPP
+
, 40 µg protein before solubilisation). For mass calibration in the first dimension, high molecular 
weight (HMW) protein standard and digitonin-solubilized bovine heart mitochondria (BHM, 3 g/g) were 
used: supercomplexes a and b (I1III2IV0+1, 1500–1700 kDa). The ATP synthase monomer and dimer are 
recognizable in both dimensions. In addition, the mitochondrial heptameric HSP60 and a suggested 
hexameric HSP60 form (HSP60*) are indicated. 
 
The amount of respiratory chain supercomplexes I1III2 and I1III2IV1 (Fig.  4-23 A) in cells 
incubated only with MPP+ for 48h (sample 1) remained unchanged compared to cells without 
any treatment (sample 5), while incubation for the same time additionally with 9-me-BC was 
leading to an 1.2-fold increase (sample 2) compared to sample 1 and 5. If cells received a 
medium change after 48 hours treatment with MPP+ (sample 3) the amount of 
supercomplexes was decreased about 1.4-fold and even 2.3-fold in cells that were treated 




Incubation of cells with MPP+ changed the ratio of supercomplex I1III2 to 
supercomplex I1III2IV1. In all samples I1III2 is more present. While in sample 2 and 5 the 
overall amount of supercomplexes was unchanged, I1III2IV1 is in average 3.4-fold less 
abundant than I1III2 (data not shown). In sample 1 (incubation with only MPP
+ for 48h) and 
sample 3 and 4 there was a shift towards the smaller supercomplex. I1III2IV1 was 3.9-fold 
(sample 1) and 4.5-fold (sample 3 and 4) less abundant. The amount of the ATP synthase 
(sum of monomer and dimer, Fig.  4-23 B) remained nearly unchanged in all samples. Only in 
sample 1 and 3 solely treated with MPP+ there was a slightly small decrease about 1.16-fold. 
The ATP synthase monomer was approximately 4.8-fold more pronounced in abundance 
than the dimer (Fig.  4-22 A). 
 
 
Fig. ‎4-23. Changes in the total amount of (A) supercomplexes I1III2IV0+1 and (B) ATP synthase (sum of 
monomer and dimer) after exposure to 2 µM MPP
+
 for 48h (S1, sample 1) and the same time to 100 µM 9-
me-BC (S2, sample 2) or after incubation for 48h to MPP
+
 followed by a medium change (S3, sample 3) or 
48h incubation to 9-me-BC without removing of the neurotoxin with a medium change (S4, sample 4), 
respectively. Sample 5 (S5) was cultivated the same time period as sample 3 and 4 and used as control, 
but without any additives. Quantitative data were obtained from gel shown in Fig. ‎4-22 A.  
 
The abundance of the mitochondrial HSP60 (sum of HSP60 and HSP60*, Fig.  4-24 A) was 
dependent on the duration of cultivation but not affected by MPP+ or 9-me-BC. The smaller 
HSP60* species is in all samples less abundant than the larger form, suggested to represent 
the heptamer. In the mitochondria of cells incubated only to MPP+ (sample 1 and 3) there is a 
slightly shift to the smaller HSP60*. The heptameric HSP60 was approximately 1.6-fold more 
abundant while in samples 2 and 4 (MPP+ + 9-me-BC) as well as sample 5 (no additive) the 




Fig. ‎4-24. Amount of the heptameric mitochondrial HSP60 and the suggested hexameric HSP60* sum (A) 
and as individual species (B). The total abundance increases during the time after seeding (A) and is 
unaffected by MPP
+
 or 9-me-BC while the ratio between both oligomeric forms shifts towards HSP60* 
after incubation with only MPP
+
. Quantitation from gel Fig. ‎4-22 A. Abbreviations: see legend of Fig. ‎4-23. 
 
4.3.2.1 Summary 
The effect of 1-methyl-4-phenylpyridinium (MPP+) and the putative neuroprotectant 9-methyl-
β-carboline on the mitochondrial proteome was analyzed in vitro in human embryonic kidney 
cells with a stable transfected human dopamine transporter (HEK-(h)DAT). It has been 
demonstrated by Storch et al. (1999) that the mitochondrial respiratory chain complex I is 
inhibited in HEK-(h)DAT cells after incubation with MPP+. In the present study no individual 
complex I was found in mitochondria of HEK-(h)DAT cells since almost all complex I was 
present in respiratory chain supercomplexes as described for rat striatal mitochondria 
(chapter  4.3.1 and Wernicke et al., 2010). The total amount of supercomplexes was 
decreased in sample 3 after 48 hours MPP+-incubation although a medium change was 
performed (Fig.  4-23). The decrease may result from disassembly of complex I. However, no 
increase of individual complex III2 and IV was observed.  
As described in chapter  4.3, 9-me-BC may feature neuroprotective functions. The 
simultaneous addition of 9-me-BC and MPP+ the same time seems to nullify the effect of the 
toxin (sample 2) and even to increase the amount of supercomplexes while the addition of 
the neuroprotectant after 48 hours MPP+-incubation had no regenerative effect (sample 4). 
Not only supercomplex abundance was affected by MPP+, but additionally the proportion of 
the larger supercomplex containing one copy of complex IV. The ratio of I1III2IV1 to I1III2 was 
shifted towards the smaller supercomplex after treatment only to MPP+ (sample 1) or 
incubation additionally to the neuroprotectant after 48 hours (Fig.  4-23 A). Due to the fact that 
the decrease of supercomplex abundance was not accompanied by an increase of individual 
respiratory chain complexes I, III2 and IV, possibly all respiratory chain complexes were 
affected in HEK-(h)DAT cells by MPP+ treatment. In line with rat striatum (chapter  4.3.1), 
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where selective, progressive loss of nigrostriatal dopaminergic cells occurred after MPP+ 
treatment, mitochondrial functions seem to be perturbated by MPP+ in HEK-(h)-DAT cells 
(Yazdani et al., 2006). 
Wernicke et al. (2010) described a decline in the cellular ATP concentration after incubation 
with the neurotoxin MPP+. The amount of complex V in HEK-(h)DAT cells was unaffected by 
MPP+ treatment (Fig.  4-23 B). A rather small decrease may occur in cells treated only with 
MPP+ (sample 1 and 3) as compared to sample 5. Therefore, the toxin was affecting solely 
the abundance of respiratory chain complexes. In a mesencephalic cell culture, the treatment 
with 9-me-BC was leading to increased level of ATP (Wernicke et al., 2010). As 
demonstrated in chapter  4.4.2, changes in the amount of ATP can be balanced by an 
increased ATP synthase activity without an increase in its protein abundance.  
The total amount of HSP60 (sum of both oligomeric forms) seemed to be unaffected by 
additives but increased with time after seeding (Fig.  4-24 A, a respective control for day 5 is 
missing). All samples harvested at day 7 contained 2-fold more HSP60 that samples 
harvested at day 5. In mitochondria isolated from cell culture, two HSP60 oligomeric forms 
seem to exist (see also chapter  4.4.1.5). The larger form is suggested to represent the 
heptameric one, while the smaller form may be a hexamer. A second possibility is, that 
HSP60* is a heptamer and the larger form (named as HSP60) a heptamer assembled in a 
complex with another protein. Protein-protein-interactions were preserved during 
solubilisation and separation in the first dimension. Further analysis has to be performed to 
answer this question. In any case, incubation of cells to solely MPP+ was leading to a shift 
towards the smaller HSP60* form (sample 1 and 3, Fig.  4-24 B). These two oligomeric 
HSP60 forms as well as a comparable shift towards the smaller HSP60 oligomer were 
observed in mitochondria isolated from fibroblasts in cultures after irradiation with heavy ions 
(carbon) or X-rays and when aged cell entered the phase with reduced cell proliferation rate 
before senescence (Frenzel et al., 2010a). The shift from the larger to the smaller oligomeric 
form of HSP60 could represent a kind of stress response.  
The addition of MPP+ (2 µM) to the cell culture medium was leading after 48 hours to a 
decline of respiratory chain complexes and to a shift towards the smaller supercomplex I1III2 
missing complex IV. The supercomplex formation and/or the supercomplex stability were 
affected with MPP+. If only complex I expression, stability or activity changed or those of 
complex III2 and IV has still to be proven. The fact that no individual complex I, III2 or an 
increase of individual complex IV was observed, although supercomplexes disassembled or 
decreased in total amount give a hint, that the expression of all three complexes was 
decreased. A decrease in the number and composition of supercomplexes is leading to 
mitochondrial dysfunction. Evidence that MPP+ was harmful for cells was given by the altered 
ratio of the heptameric HSP60 towards the suggested hexameric HSP60* after incubation 
with the toxin. The same shift was described for HSP60 and HSP60* in human dermal 
fibroblasts in cell culture exposed to ionizing radiation or X-rays (chapter  4.4.1.5). The reason 
for that observation should be analyzed in future and may disclose the role of mitochondrial 
HSP60 in stress response or apoptosis.  
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Due to the fact that a control for analyzing the effect of 9-me-BC as well as a control for 
sample 1 and 2 harvested at day 5 are missing it can only be suggested, that the treatment 
with both MPP+ and 9-me-BC the same time (sample 2) was not only nullifying the effect of 
MPP+ but even increasing the amount of supercomplexes. But if 9-me-BC was given in the 
medium 48 hours after MPP+ was added, no restorative effect was observed any more 
(sample 4). There was even a larger decrease compared to sample 3 were MPP+ was 
removed by performing a medium change after 48 hours of incubation to the neurotoxin. 
The abundance of the ATP synthase remained unchanged possibly due to the fact that this 
enzyme seems to be able to modulate its specific activity to supply the cellular energy level 
required without an increase of its total abundance as demonstrated in chapter  4.4.1.5 
(Fig.  4-38).  
This experiment is only giving preliminary data describing the effect of MPP+ and 9-me-BC 
on HEK-(h)DAT cells. The control for the short duration treatment (48h) with MPP+ and MPP+ 
together with 9-me-BC is missing as well as a sample to determine if only 9-me-BC has an 
effect on the mitochondrial proteome. Additionally, it would have been interesting to know, if 
the cell shape, number or cell proliferation rate differs between cells incubated with MPP+ or 








4.4 Long-term effect of X-ray and heavy ion irradiation on the 
native mitochondrial proteome, ROS generation and physiology 
in senescent human fibroblast 
Data described in this chapter have been already published: 
Frenzel M., Soehn M., Durante M., Fournier C., Ritter S. and Dencher N.A. (2010). Impact of 
senescence and irradiation on cellular metabolism in human cells. GSI Sci. Rep., in press. 
Frenzel M., Durante M., Fournier C., Ritter S., Dencher N.A. (2009). Interplay of irradiation and 
age on the mitoproteome of human cell cultures. GSI Sci. Rep., 479. 
Frenzel M., Dencher N.A., Fournier C., Ritter S., Zahnreich S. (2008). Reactive oxygen species 
are involved in senescence of human cells independently from irradiation exposure. GSI Sci. 
Rep., 381. 
Zahnreich S., Boukamp P., Colindres M., Dencher N., Durante M., Fournier C., Frenzel M., Krunic 
D., Ritter S. (2008). Oxidative stress and telomere shortening in normal human fibroblasts after 
irradiation with X-rays. GSI Sci. Rep., 379. 
Colindres M., Fournier C., Ritter S., Zahnreich S., Decker H., Dencher N., Frenzel M. (2007). 
Increase of oxidative stress in normal human fibroblasts after irradiation. GSI Sci. Rep., 356. 
 
Human cells are continuously exposed to ionising radiation arising from natural sources as 
space or earth radiation that might have harmful effects on cell survival and maintenance. 
But the impact of irradiation on cells is also helpful and used in medical radiation therapy – 
like X-ray irradiation in tumour therapy – and an experimental tool e.g. electron diffraction or 
neutron scattering.  
In the present study, the effect of X-ray irradiation on the cellular ageing of human fibroblasts 
was analyzed and will be discussed in this chapter. Senescence and the process of 
biological ageing of tissue are discriminative but cell culture models can disclose basic 
molecular processes involved in both ageing and senescence.  
Cultured cells undergo biological ageing called senescence (see also chapter  1.1.3). At first, 
senescence associated alterations of the mitochondrial proteome were studied. In cellular 
(replicative) senescence, human fibroblasts are losing their ability to divide on an average of 
50 cell doublings in vitro – known as Hayflick’s limit – induced e.g. by increased level of DNA 
damage or shortened telomeres. In the present study it was analyzed, if long-term cell 
culture experiments with cells undergoing senescence turn out to be an approach to study 
the ageing process in vitro, e.g., to unravel basic mechanisms common for both ageing and 
senescence. Results obtained for senescence-associated alterations in the mitochondrial 
proteome will be compared to those obtained from ageing studies on rats (chapter  4.2). 
Furthermore, it is known that irradiation with X-rays or heavy ions transiently increase the 
ROS-level (Zahnreich, 2011). The increase of ROS, often assumed to accompany ageing as 
suggested by the Free Radical Theory of ageing (Harman, 1956), is mimicked. As a 
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consequence, progeny of these cells are supposed to undergo premature ageing due to 
increased ROS-induced damages. To reveal the effect of irradiation on mitochondria and 
their role in the ageing-process, normal human dermal fibroblasts (NHDF), human fetal lung 
fibroblasts (WI38) and human dermal fibroblasts (AG1522D) were irradiated with X-rays 
(8 Gy) and AG1522D and NHDF in parallel experiments with carbon ions (2 Gy, 100 MeV/u, 
Unilac) and nitrogen (2 Gy, 100 MeV/u, LET 70 keV/µm, SIS), respectively, and subcultured 
afterwards for more than 230 days. Analysis of the mitochondrial proteome was performed 
using digitonin (8 g detergent/g protein) for gentle solubilisation followed by two-dimensional 
blue-native/SDS gel electrophoresis (2D BN/SDS-PAGE). Changes in the mitochondrial 
protein profile were analyzed. There are abundance-changes of life sustaining proteins such 
as ATP synthase, individual respiratory chain complexes, and heat shock proteins as well as 
changes in protein-protein-interactions (e.g. assembly of individual complex I, III2 and IV in 
respiratory chain supercomplexes). Data from native proteome studies were compared with 





4.4.1 Alterations in the mitochondrial proteome of NHDF during senescence and 
after irradiation with X-rays 
The mitochondrial proteome of normal human dermal fibroblasts (NHDF) was analyzed 
during a long-term experiment to reveal senescence and irradiation induced changes in the 
protein pattern. Cells were irradiated with X-rays (8 Gy) and compared to non-irradiated cells 
(in the following referred to as control). Data obtained from cell cultures were compared to 
that of rat brain to reveal, if there are similar alterations in ageing of tissue and senescence 
of fibroblasts in cell cultures. 
 
4.4.1.1 The effect of senescence and irradiation on cell proliferation, differentiation, number 
of chromosomal aberrations and apoptosis 
Upon irradiation with X-ray and/or during senescence different types of damages – oxidation 
of lipids and proteins, missfolding of proteins, and DNA aberrations – can appear. In the case 
these damages are beyond repair, they are leading to growth arrest or apoptosis. During 
subculturing, these cells are lost or overgrown by normal dividing cells. Insufficient repair 
may affect the cell cycle control mechanisms resulting as consequence in uncontrolled cell 
growth.  
For fibroblasts in non permanent cell cultures, the time required for cell doubling is increasing 
during cultivation time and gives a hint on the ageing status of the cell. Cellular senescence 
that is theoretically achieved at CPD50 (Hayflick, 1985) was not reached in our study. At 
day 240 a portion of cells were still proliferating, especially in non-irradiated cells. 
Nevertheless, data obtained from day 240 will be defined as senescent time with senescent 
cells.  
 
Fig. ‎4-25. Growth curve of normal human dermal fibroblasts exposed to X-rays (8 Gy, closed circle) at 
day 0 and respective non-irradiated cells (open circle). The number of cumulative population doublings 
(CPD) after X-ray exposure during this long-term experiment is plotted. 
As shown by the growth curves, non-irradiated cells enter a phase of reduced cell 
proliferation approximately at day 80 while at that time point the cell doubling in progeny of 
irradiated cells reveal reinitiated proliferation (Fig.  4-25). Until day 20 after X-ray irradiation 





Fig. ‎4-26. Analysis of the differentiation pattern of NHDF upon and without irradiation. An increase of 
post-mitotic fibroblasts (PMF) and mitotic fibroblasts in the phase III (MFIII) together with a decrease of 
phase II mitotic fibroblasts occurred during the first 35 days after exposure to X-rays (8 Gy). After 
121 days, in irradiated and in non-irradiated cells the abundance of PMFs and MFIII were similar. 
 
(Fig.  4-26) and increased numbers of chromosomal aberrations due to X-ray radiation 
(Fig.  4-27 A) as well as increased number of aberrations per aberrant cell (up to 3 per cell, 
Fig.  4-27 B). The number of aberrations per diploid cell after X-ray exposure returned at the 
level of non-irradiated cells at day 17 and remained there until the end of the experiment, but 
the proportion of aberrant cells was always (Fig.  4-27 B, except day 109 and 245) higher. 
Considering cell differentiation, 121 days after irradiation comparable proportions of mitotic 
fibroblasts in phase III and post-mitotic fibroblasts in both irradiated and non-irradiated cells 
were found. Only a small number (1%) of mitotic fibroblasts in phase II remained. At 
approximately day 60, when non-irradiated cells showed reduced cell growth (indication for 
early senescence) a transient increase of aberrant cells (Fig.  4-27 A) as well as of 
aberrations per cell (Fig.  4-27 B) were found. Additionally, already at day 30, cells with twice 
the set of chromosomes (4n) appeared in non-irradiated cells (Fig.  4-27 C). The number of 
chromosomal aberrations in these cells (4n) remained at the same amount except day 137 
where it was decreased. At day 245 non-irradiated cells contained more aberrant 
metaphases than progeny of irradiated cells. The latter showed reduced growth with a delay 
of four cell population doublings or 50 days compared to controls, respectively, that is 
accompanied, in line with non-irradiated cells, with an increase of aberrant cells and the 
appearance of 4n metaphases. In contrast to non-irradiated cells, the number of aberrations 
per cell in 2n was unchanged while that in 4n increased. Noteworthy, at day 68, shortly 
before progeny of non-irradiated cells showed enlarged cell proliferation, an increased 
amount of aberrant cells was observed.  
In non-irradiated cells, from day 9, a time point of constant proliferation, until the time cell 
proliferation slowed down at day 68, a slightly increased amount of apoptotic cells from 6.2% 
up to 8.2% was found (Fig.  4-28). At day 94 it was decreased to 5.5% to increase thereafter 
about 3.6-fold up to 20%. At day 151 the apoptotic level was still large (20.3%) but 
decreased compared to day 124. After exposure to X-rays, there was an increase in the 
apoptotic cell level around 10% in progeny of irradiated cells until day 17. Later on, it was at 
the level of controls until day 82 and increased again to a lesser extent than in non-irradiated 




Fig. ‎4-27. [A] Proportion of aberrant cells (with normal chromosomal number, 2n) in percent and [B] 
number of aberrations per aberrant cell (2n) in progeny of non-irradiated (black) and irradiated cells 
(gray). The number of aberrations was divided by the amount of aberrant cells. Cells with twice a set of 
chromosomes [4n] appeared in non-irradiated cells at day 30 and in irradiated at day 109. Considering 





Fig. ‎4-28. Determination of the apoptotic cell level in progeny of non-irradiated (black) and irradiated (X-
ray, 8 Gy, gray) cells. In average, 600 cells were counted in each sample at each time point. The 




4.4.1.2 Age-related increase of ROS is independent of irradiation 
After irradiation with X-rays, the intracellular ROS-level of different human cell lines 
increased dose dependent with a maximum between day 3 to day 6 after exposure and 
declines thereafter to the level of non-irradiated cells (Zahnreich, 2011). To study the long-
term effect of irradiation, ROS-levels in progeny of irradiated cells were compared to those of 
non-irradiated cells at day 66 and day 151 (Fig.  4-29 A, sum of DCF and DHE fluorescence, 
normalized to non-irradiated cells, ROS measurements were performed by S. Zahnreich). No 
pronounced irradiation dependent changes were observed at these late time points, except a 
decrease 4% at day 151. But compared to non-irradiated young (CPD10) cells, in aged 
progeny of irradiated (8 Gy, CPD40) and non-irradiated (CPD39, 151 days in culture) cells an 
age-associated 2.8-fold increase of ROS was observed that was independent of radiation 
exposure (Fig.  4-29 B, comparison of fluorescent signals). Irradiated cells displayed an even 
slightly less elevated ROS level.  
As described in chapter ‎3.15, DCF and DHE are sensitive for different intracellular ROS-
species. While DCFH is known to be sensitive preferentially for OH• and ONOO-, with DHE 
predominantly O2
•- is detected (Halliwell and Gutteridge, 2007). The determination of the 
ROS level in the present study was not quantitative due to the fact, that the results of 
samples were not compared to a standard or to a certain amount of reactive oxygen species 
as e.g. H2O2. But for every measurement the same concentration was used for each dye. 
Therefore, the comparison of the fluorescent signals of both dyes allows a statement if OH• 
and ONOO- or O2
•- are relatively increasing or decreasing compared to each other occurred. 
The ratio of DCF and DHE fluorescent signals remained unchanged (Fig.  4-29 B). This 
indicates that the same proportion of different reactive oxygen species were generated in the 
offspring of both non-irradiated and irradiated cells, independent of irradiation and age.  
 
 
Fig. ‎4-29. (A) Relative intracellular ROS-level (sum of DCF and DHE fluorescence signal) in NHDF at 
day 66 and day 151 after irradiation with X-rays (8 Gy) normalized to non-irradiated cells. (B) ROS induced 
fluorescence signal of DHE and DCF in non-irradiated young (CPD10) cells and in progeny of irradiated 
(8 Gy, CPD40) and non-irradiated (CPD39) cells after several cell population doublings determined the 
same day. The same freshly prepared DCF and DHE solution was used for all three samples allowing 
direct comparison of the different fluorescence signals. Young NHDF cells (CPD10) were freshly thaw and 




4.4.1.3 Conditions for mitochondrial isolation, protein solubilisation and protein separation 
for NHDF 
The mitochondrial fractions obtained from NDHFs were not subjected to further purification, 
in order to preserve also fragile and damaged mitochondria that might be more abundant and 
more severely affected in senescent cells and/or upon X-ray exposure and possibly lost 
during harsh purification steps. Optimal gentle solubilisation conditions for mitochondria from 
cell culture were tested with digitonin as detergent to obtain quantitative and reproducible 
protein extraction by preservation of protein-protein interactions. With a detergent to protein 
ratio of 8 g/g, protein extraction was attained allowing detection of individual OxPhos 
complexes and respiratory chain supercomplexes as well as ATP synthase oligomers 
(Fig.  5-30). Digitonin to protein ratio of about 4 g/g was not sufficient (Fig.  4-30) for 
quantitative solubilisation of proteins. Individual proteins and protein-complexes were 
separated using 2D BN/SDS PAGE. 
 
 
Fig. ‎4-30. Different extraction efficiency for mitochondria isolated from NHDF cells using 4 g/g (left) and 
8 g/g (right) digitonin/protein ratio. The total abundance of isolated ATP synthase monomer and dimer 
(indicated in the right gel) increased when using 8 g/g while for 4 g/g only small amounts were 
solubilized. 
 
The combination of methods described permits analysis of irradiation induced and/or 
senescence-related changes in protein pattern of the OxPhos machinery including 
abundance-changes of individual proteins as well as alterations in the amount and 
composition of respiratory chain complexes or supercomplexes and of ATP synthase 
oligomers. Individual complex I, III2 (always present as dimer), complex IV and complex V as 
well as ATP-synthase homodimers (V2) were identified. Large supercomplexes  I1III2IV0-3 
containing complex I, complex III dimer and zero to three copies of complex IV were 
visualized. For mitochondria of NHDF complex II of the respiratory chain were not sufficient 
in abundance to be detected in both dimensions (BN and 2D-SDS-PAGE). Besides the 
OxPhos complexes other mitochondrial proteins like heat shock protein (HSP)60 are 





Fig. ‎4-31. 2D-BN/SDS–PAGE of digitonin-solubilized (8 g digitonin/g protein) mitochondrial proteins from 
NHDF cell culture (non-irradiated, referred as control) 80 days after the start of the experiment. In the first 
dimension (BN-PAGE), individual proteins, protein complexes and respective supercomplexes are 
separated in their native state. In the second dimension (SDS-PAGE), subunits are separated in a vertical 
line according to their position in BN-PAGE. For mass calibration in the first dimension, high molecular 
weight (HMW) protein standards respectively digitonin solubilised and well characterised bovine heart 
mitochondria (BHM) were used: individual complexes I, III2 and V (130–1000 kDa), supercomplexes 
I1III2IV0–3 (1500–2100 kDa) and ATP synthase dimer V2 (1500 kDa). In the second dimensions a low 
molecular weight (LMW) protein standard was used for mass calibration and standardisation of gels. 
Characteristic protein patterns of subunits belonging to individual OxPhos complexes I (black), III2 
(green), IV (yellow) and of their preserved supercomplexes (red) and of complex V monomer (blue) and 
dimer (brown) are resolved. Furthermore, two oligomeric forms of heat shock protein 60 (violet) – HSP60 
and HSP60* suggested to represent a heptamer and hexamer, respectively –are indicated. [BN-PAGE: 
linear 3–13% gradient gel with a 3% stacking gel, stained with CBB G-250; 2D-SDS-PAGE: 5% stacking 
gel, 13% separation gel, silver stained.] 
 
4.4.1.4 Different abundances of OxPhos complexes and supercomplexes in progeny of 
non-irradiated and irradiated cells  
The ATP synthase (complex V) is the terminal complex of the OxPhos machinery. Its total 
amount (sum of V1 and V2) declined in non-irradiated cells at day 21 (1.48-fold) and returned 
at day 80 again to the level at day 14 (Fig.  4-32 A). At day 240, when cell proliferation was 
slowed down, the level of ATP synthase was decreased about 2-fold. In the offspring of 
irradiated cells, complex V abundances were comparable during the first 21 days. At day 80 
there was a 2-fold increase that slightly (1.3-fold) declined at day 240. Comparing senescent 
controls and progeny of irradiated cells at day 240, in irradiated cells 3.3-fold more ATP 
synthase was found. 
Individual complex I is only present in a small amount (Fig.  4-32 B). Irradiated cells contained 
1.4-fold less complex I at day 14 compared to non-irradiated cells. In both, there was a 
pronounced decrease in complex I abundance from day 14 to day 21 that was smaller after 
irradiation, 3.5-fold vs. 2.5-fold. At day 80 there was an increase about 2.5-fold in controls but 
much larger (8-fold) in the offspring of irradiated cells. Senescent cells at day 240 exhibited, 
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compared to day 80, a decrease in protein abundances of about 1.7-fold in controls and 2-
fold in irradiated cells.  
In non-irradiated cells, the amount of complex III2 decreased about 1.7-fold at day 21 and 
recovered again thereafter at day 80 (Fig.  4-32 C). At day 240, similar to complex I and V, a 
pronounced decrease in the protein amount occurred (9-fold) in non-irradiated cells. In the 
offspring of irradiated cells, the level of complex III2 was comparable at days 14, 21 and 240. 
Only at day 80, there was a 1.4-fold abundance decrease.  
 
 
Fig. ‎4-32. Changes in the total amount of ATP synthase (sum of monomer and dimer), of individual 
complexes I and III2 in progeny of non-irradiated (dark) and irradiated cells (gray). Quantitation occurred 
in the first dimension after CBB G-250 staining of proteins. 
Changes in the protein abundance of respiratory chain supercomplexes I1III2IV0-3 (depicted 
as sum of all supercomplex species in Fig.  4-33) were analogous to complex I with a 
decrease in the protein amount at day 21 and day 240 interrupted by a recovery at day 80 for 
non-irradiated and irradiated cells. In progeny of irradiated cells the decrease at day 21 was 
smaller. At day 80 compared to day 21 there was a 4.3-fold increase in the supercomplex 
level. This boost at day 80 as well as the reduced protein level of supercomplexes I1III2IV0-3 in 




Fig. ‎4-33. Alterations in the abundance of supercomplexes (sum of I1III2IV0-3) in progeny of non-irradiated 
(dark) and irradiated cells (gray). Quantitation occurred in the first dimension after CBB G-250 staining of 
proteins. 
 
4.4.1.5 Abundance changes of non-OxPhos proteins and cytoplasmatic SOD1 caused by 
senescence and irradiation  
Besides OxPhos complexes and supercomplexes the protein abundances of other 
mitochondrial proteins (HSP60, prohibitin and mitofilin) as well as the cytoplasmic SOD1 
were analyzed. Contrary to mitochondria from rat brain (Frenzel et al., 2010b; Reifschneider 
et al., 2006), liver (Dani et al., 2009; Reifschneider et al., 2006), kidney (Reifschneider et al., 
2006), heart (Gómez et al., 2009; Reifschneider et al., 2006) and skeletal muscle (Lombardi 
et al., 2009; Reifschneider et al., 2006) in mitochondria of cell cultures two forms of HSP60 
can be separated (Fig.  4-31, Fig.  4-34, chapter  4.3.2). As described in chapter  4.3.2 the 
mitochondrial HSP60 is commonly present as heptamer (Cheng et al., 1990). According to 
the molecular mass, the larger HSP60 form could be the heptamer (Fig.  4-31). The second 
form with smaller molecular mass might represent a hexamer (referred to as HSP60*). At 
day 14 after X-ray exposure the total amount of HSP60 (sum of both oligomeric states) was 
1.2-fold less than in non-irradiated cells (Fig.  4-35 A). An increase of HSP60 occurred at 
day 21 about 1.3-fold in non-irradiated cells and 2.2-fold in irradiated cells. Henceforward, in 
progeny of irradiated cells the protein level remained mainly unchanged while in progeny of 
non-irradiated cells a gradual decline about 1.3-fold and 1.2-fold occurred until day 240.  
 
 
Fig. ‎4-34. Silver stained 2D-BN/SDS gels of 
mitochondrial fractions at day 80. Protein spots 
of HSP60 heptamer (black arrow) and the smaller 
form (red arrow) are highlighted. 
 
Both, senescence and radiation influence the proportion of the two HSP60 forms 
(Fig.  4-35 B). Two weeks after irradiation the smaller HSP60 exceeded the heptamer by 1.8-
fold and thereafter both species are present in equal quantities. In controls there was a 
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pronounced shift in the ratio towards the smaller form of HSP60 when cells enter 
senescence at day 80 that in part returns at day 240. 
 
 
Fig. ‎4-35. (A) Total amount of heat shock protein 60 (sum of both oligomeric forms) and (B) the ratio of 
HSP60* and HSP60 in progeny of non-irradiated (black) and irradiated (gray) cells. Quantitation occurred 
in the first dimension after CBB G-250 staining of proteins. 
 
In progeny of irradiated cells less mitofilin (important for fusion and fission of mitochondria) 
was found at day 14, 21 and 80 compared to non-irradiated cells (Fig.  4-36). The amount 
was comparable at day 14 and day 80, but decreased to a small extent at day 21 and an 
increase at day 240. In non-irradiated cells there was a pronounced decrease in mitofilin 
abundance at days 240. While in non-irradiated cells the level of prohibitin (involved in cell 
proliferation) increased at day 21 and decrease strongly at day 80 to recover again to the 
level of day 14 at day 240, in the progeny of irradiated cells it remains nearly constant. In 
both, non-irradiated and irradiated cells the cytoplasmatic SOD1 (essential in ROS defence) 
amount increased during senescence but more pronounced in non-irradiated cells 
interrupted by a small decrease at day 80 in non-irradiated cells.  
 
Fig. ‎4-36. Abundance changes of mitofilin, prohibitin and SOD1 in irradiated and non-irradiated cells 
during senescence. (Immunodetection of proteins after Western blot on PVDF membranes using alkaline 
phosphatase reaction for visualization.) 
 
4.4.1.6 Ageing in progeny of non-irradiated and irradiated cells 
It was demonstrated that the level of ROS increase the first days after ionizing irradiation 
(Zahnreich, 2011). Before starting the experiment, it was therefore assumed that, progeny of 
cells exposed to X-rays enter senescence earlier than non-irradiated in respect to the “Free 
Radical Theory of Ageing” from Harman (1956). But according to the growth curves, progeny 
of non-irradiated cells entered cellular ageing, characterized by decreased cell proliferation, 
earlier than irradiated cells. The comparison of changes in the cell physiology like cell 
differentiation, chromosomal aberrations or the level of apoptotic cells as well as 
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determination of the cellular ROS level after several cell population doublings and analysis of 
alterations in the mitochondrial proteome may reveal the reason for this observation.  
In the first step, alterations in the mitochondrial proteome of NHDF cells in non-irradiated 
cells during cellular ageing were compared to those of rat tissue and in the second step, to 
those obtained from progeny of irradiated NHDF cells. Quantitation of protein abundances 
was performed in a gel of the first dimension after CBB G-250 staining. This step is less time 
consuming than analyzing a second dimensional gel but in comparison to the second 
dimension, quantitations of protein abundances in the first dimension are less precise and 
only larger alterations represent indications for changes at the protein level.  
 
4.4.1.7 Ageing in non-irradiated cells is similar to those of rat brain cortex and liver 
mitochondria 
According to the growth curve (Fig.  4-25), during the first 50 days non-irradiated cells 
showed exponential growth behavior. Afterwards, the time required for cell division increased 
and cumulative cell population doubling was slowed. In line with the model of cellular 
senescence described by Hayflick (1985), ageing of the cell culture was accompanied by a 
decrease in the number of phase II cells and an increase of phase III cells. The latter were 
characterized by a reduced cell proliferation and represent antecedents of post-mitotic 
fibroblasts that themselves increased in amount too (Fig.  4-26). Additionally, at the 
chromosomal level, aberrations increased in progeny of non-irradiated cells during cellular 
ageing at day 68 up to 20% (2n) aberrant cells until 80% at day 245 (Fig.  4-27 A). Already at 
day 30 the first cells containing twice the set of chromosomes and additionally chromosomal 
aberrations appear (Fig.  4-27 C). An overall cell growth arrest was not attained since from 
day 170 to day 240 small but constant cell proliferation occurs. As described by Hayflick 
(1985), after passing phase III, cells stop proliferation, enter senescence and die. This 
correlates with the pronounced increase of the apoptotic level in aged cells beginning at 
day 124 (Fig.  4-28). 
At the mitochondrial protein level, cellular ageing of non-irradiated human fibroblasts in cell 
culture was accompanied by a decrease in protein abundances of individual OxPhos 
complexes (complex I: 1.7-fold, III2: 9-fold and V: 3.3-fold) as well as the sum of respective 
supercomplexes (16-fold) at day 240 compared to day 80. An overall decline in protein 
amount occurred also at day 21 followed by a recovery for complex III2 and complex V and to 
a lesser extent for complex I and supercomplexes. The decrease in protein abundances at 
day 21 was smaller for complex III2 and V compared to that from day 80 to day 240 where 
cells entered already phase III characterised by reduced cell population doubling or 
differentiated post-mitotic cells undergoing apoptosis (Hayflick, 1985). The protein amount of 
mitochondrial HSP60 decreased continuously until days 240 and that of mitofilin 
pronouncedly at day 240 (Fig.  4-35 A and B, Fig.  4-36). The ratio of HSP60* to HSP60 were 
comparable until day 80. Thereafter, the smaller oligomeric form HSP60* was more 
pronounced until day 240. Prohibitin abundances were comparable at day 14 and 240 but 
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increased at day 21 and decreased day 80. The SOD1 is the only enzyme that slightly 
increased during cell ageing in progeny of non-irradiated cells (Fig.  4-36).  
For various established ageing models from fungi to rat, used for evaluation of fundamental 
mechanisms controlling life-span, changes in the protein abundances (Gómez et al., 2009; 
Groebe et al., 2007; Lombardi et al., 2009; Poon et al., 2006a; Poon et al., 2006b) and post-
translational modifications (Groebe et al., 2007; Hunzinger et al., 2006; Poon et al., 2006c) 
have been previously described. Age-related alterations in the native mitochondria profile 
were described for rat brain (Frenzel et al., 2010b), liver (Dani et al., 2009), skeletal muscle 
(Lombardi et al., 2009) and heart (Gómez et al., 2009). Rat skeletal muscle (Lombardi et al., 
2009) and rat brain cortex (Frenzel et al., 2010b) show comparable age-associated changes 
in protein abundance of OxPhos complexes and supercomplexes as observed for NHDF. In 
both, tissue and cell culture, there is a decrease in complex I, III2 and V abundance as well 
as in supercomplexes. OxPhos complexes are essential for the energy status. Variations in 
their amount may give a hint on the metabolic activity and ROS level within a cell. Inhibited 
oxygen uptake by mitochondria is harmful for cells, due to the fact that 90% of the cellular 
oxygen is consumed by the respiratory chain (Karthikeyan and Resnick, 2005). Whether the 
observed declined ATP synthase amount in senescent cells is followed as consequence by 
an age-associated decrease in the cellular ATP-level, as already described for senescent 
human cells (Stöckl et al., 2006; Stöckl et al., 2007; Wang et al., 2003; Zwerschke et al., 
2003), will be discussed in chapter  4.4.2.  
The level of HSP60 declines during ageing in molluscs and rat heart, brain and liver 
(chapter  4.2.2.4, Fig.  4-15) (Colotti et al., 2005; Haak et al., 2009; Ivanina et al., 2008). A 
remarkable difference to all rat tissues types studied so far is the presence of two oligomeric 
forms of mitochondrial HSP60 in NHDF cells (Fig.  4-31, Fig.  4-35 B). It seems to be a 
phenomenon typical for cell cultures since the same observations were made in HEK-(h)DAT 
cells (chapter  4.3.2, Fig.  4-24). The amount of the oligomeric forms was equal at day 14 and 
21. At day 80 the ratio increased to a value of 3, indicating an pronounced increase in the 
relative proportion of the smaller HSP60* form. As described in chapter  4.3.2, the larger 
HSP60 form seems to represent the mitochondrial heptameric state while HSP60* might be a 
hexamer. Another possibility is that the smaller form is the heptamer and the other a 
heptamer associated with another protein. This still has to be analyzed. Since the 
mitochondrial HSP60 has a proapoptotic role, and since the level of apoptotic cells increased 
with larger CPD and cultivation time this shift in the ratio towards HSP60* may represent a 
mechanism to induce programmed cell death. Also in HEK-(h)DAT cells after treatment with 
the toxin MPP+, inducing mitochondrial dysfunctions by affecting complex I, the proportion of 
HSP60* increased compared to the larger oligomeric form, underlining the putative 
proapoptotic function of HSP60*. That the smaller HSP60* form was not described in tissue 
may arise from a permanent higher oxidative environment cell cultures are exposed to (21% 
atmospheric oxygen). 
An additional hint for mitochondrial dysfunction is given by the observed decrease in mitofilin 
abundances during senescence (Fig.  4-36). Mitofilin represents a transmembrane protein of 
the inner mitochondrial membrane. It is essential for cristae formation and determines 
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mitochondrial morphology as well as fusion and fission (John et al., 2005). Decreased 
cellular proliferation and increase in the apoptotic level are found in HeLa cells after down 
regulation of mitofilin utilising small interfering RNAs. The decrease of mitofilin in the present 
study may also induce apoptosis in NHDF cells with increased CPD after long-term 
cultivation. Low level of mitofilin may lead to abnormal mitochondrial function possibly due to 
impaired cristae formation, resulting in increased reactive oxygen species production. John 
et al. (2005) postulated that despite the enlarged metabolic flux induced by mitofilin 
deficiency, mitochondrial oxidative phosphorylation was not increased accordingly. One 
explanation may be an additional general decrease in abundance of OxPhos complexes.  
Prohibitin abundance was, except for day 80, slightly increased (Fig.  4-36). Prohibitin is a 
transmembrane protein of the inner mitochondrial membrane, evolutional conserved and 
ubiquitously expressed, involved in cell proliferation, cristae formation and therewith also 
important for mitochondrial maintenance (Merkwirth and Langer, 2009). Additionally it is 
postulated to act as chaperone for the respiratory chain complexes (Nijtmans et al., 2000). 
The abundance of prohibitin is possibly increased to decrease the amount of misfolded 
respiratory chain complexes. 
The slight increase of SOD1 abundance can be correlated with the observed increase of 
ROS during ageing (Fig.  4-36) that is underlining the suggestion that during ageing there is 
an increase of reactive oxygen species (Harman, 1956). The cytosolic superoxide 
dismutase 1 is a prominent member of the cellular antioxidative protection system, important 
for ROS defence in catalyzing the dismutation of superoxide radical anions into oxygen and 
hydrogen peroxide. It is predominantly found in cytoplasm but to 1% in the intermembrane 
space of mitochondria (Kloppel et al.; Li et al.). Slightly reduced SOD1 abundance causes 
already increased level of superoxide. Decrease in SOD1 amount affects the mitochondrial 
transmembrane potential and ATP production. SODs are also important for protein import, 
e.g. of complex I (Aquilano et al., 2006).  
Noteworthy, alterations in the mitochondrial proteome in human fibroblasts in cell culture 
during senescence – demonstrated here for NHDF are comparable to those described for 
tissue. Therefore, overall appropriate basic molecular processes involved in both ageing and 
senescence may be disclosed with this cell culture model. 
 
4.4.1.8 X-ray radiation induced increase in protein abundances of ATP synthase, individual 
OxPhos complexes and supercomplexes enable prolonged proliferation 
X-ray application was used as a tool to (1) study the effect of ionizing radiation on the 
proteome and on mitochondrial functions, (2) to trigger ROS-generation and to analyze the 
long-term effect of ROS in progeny of irradiated cells, (3) to induce DNA modification and (4) 
to compare our data with the “Free Radical Theory of Ageing” (Harman, 1956) to reveal basic 
mechanisms of ageing. Oxidative stress is an indirect effect of X-ray radiation. The relatively 
high dose of 8 Gy was chosen to induce pronounced effects on protein expression and 
interaction. In the cell response to X-ray irradiation, several proteins are involved belonging 
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e.g. to the DNA-repair systems. Also during senescence, cellular damage accumulates, 
leading to impaired functions. In this part of the study, alterations in abundances of proteins 
involved in stress response, such as the chaperone HSP60 and in antioxidative systems like 
SOD1 will be correlated to damages in nDNA, cell differentiation, ROS level and the amount 
of apoptotic cells. But also changes in the level of the mitochondrial proteins prohibitin and 
mitofilin provide evidence about mitochondrial maintenance and survival. 
In progeny of irradiated cells until day 20 after exposure to X-ray the cell doubling seemed to 
stagnate (Fig.  4-25). There are two explanations for this observation: 
(1) Irreversible irradiation-induced damages may cause apoptosis or cell growth arrest. 
Growth-arrested cells are not dividing anymore and get lost during further passages or are 
diluted by cells still undergoing cell doubling, respectively.  
(2) Small irradiation induced damages can be repaired by the cellular repair system. During 
rectification of these damages cell growth and division are decelerated. After recovery, 
normal cell division is regained.  
Exposure to X-rays induced not only high number of chromosomal aberrations but 
additionally increased numbers of aberrations per cell. Hence, an increase of the apoptotic 
level was observed after irradiation (Fig.  4-28) as well as an increase of phase III fibroblasts 
and post-mitotic cells (Fig.  4-26). Therefore, reduced cumulative population doubling was 
observed (Fig.  4-25). After damage repair the offspring of irradiated cells exhibits prolonged 
ability to proliferate. 
At day 80, when non-irradiated cells entered phase III, progeny of irradiated cells exhibited 
an increased cell division. At day 30, the proportion of cells with chromosomal aberrations 
was already increased, but even larger at day 68 short before the increased proliferation 
frequency. At day 94, a higher number of apoptotic cells was observed, possibly due to the 
appearance of aberrant cells containing twice the set of chromosomes (4n). Progeny of 
irradiated NHDFs entered reduced cell proliferation later approximately at day 140, 
accompanied by an additional increase of cells containing chromosomal aberrations (2n) at 
day 137. Further question arise: Why undergo progeny of irradiated cells cellular senescence 
later than non-irradiated?  
In cellular ageing, alterations in the mitochondrial proteome are different in progeny of X-ray 
irradiated cells compared to non-irradiated cells. Considering protein analysis at day 80, 
when cell proliferation was increased, there was a significant large abundance increase of 
individual complex I (8-fold), V (2.2-fold) and of the respiratory chain supercomplexes 
I1III2IV0-3 (4.3-fold) after exposure to X-rays (Fig.  4-32, Fig.  4-33). Complex I of the respiratory 
chain allocates the major part of electrons provided for oxygen reduction. It requires 
supercomplex formation with complex III2 and IV for its optimum stability and activity 
(Fig.  4-6) (Schäfer et al., 2007). Complex I and supercomplexes were less abundant 
compared to non-irradiated cells 14 days after irradiation and decreased thereafter at day 21 
before the pronounced increase at day 80. Nugent et al. (2010) found a decrease in the 
activity of OxPhos complexes in cell cultures 4 hours after γ-radiation with a recovery 12-
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96 hours after irradiation. But the level of complex V in progeny of irradiated cells was similar 
to non-irradiated cells and remained constant until the increase at day 80. The only enzyme 
of the respiratory chain behaving differently is complex III2. The abundance of complex III2 
was decreased after irradiation compared to non-irradiated cells, but remained unchanged 
until day 240 with a small decrease at day 80. The slight decrease at day 80 may result from 
supercomplex assembly. 
Increased abundances of respiratory chain complexes and supercomplexes upon X-ray 
exposure might indicate high oxygen consumption and therewith enlarged membrane 
potential used by the ATP synthase, whose abundance also increased. This may explain the 
observed increased cell proliferation rate at day 80 in progeny of irradiated cells (Fig.  4-25). 
A correlation of ATP synthase abundances to the level of cellular ATP is described in 
chapter  4.4.2. The flattened growth curve at day 130, typical for the phase with reduced cell 
proliferation shortly before senescence, demonstrates that for the majority of cells the 
proliferation was still regulated by cell cycle control proteins. Irradiation was not inducing 
those mutation or deliberate modification leading to immortalized cells proliferating 
indefinitely. At day 240 also progeny of irradiated cells showed indication for early 
senescence due to slowed cell proliferation. At this time, in line with progeny of non-
irradiated cells as well as rat striatum and liver, the total abundance of the individual OxPhos 
complexes – except complex III2 – and supercomplexes was decreased. This supports the 
notion that these alterations in protein abundance are commonly present in both ageing and 
senescence. 
The expression level of HSP60, mitofilin and SOD1 altered after X-ray irradiation. At day 14 
the total amount of HSP60 amount (sum of both oligomeric states) was comparable in 
progeny of irradiated and non-irradiated cells (Fig.  4-35 A). While there was a transient 
decline thereafter in non-irradiated cells, at day 21 the total amount of HSP60 (Fig.  4-35 A) 
was increasing in progeny of irradiated cells about 2.2-fold and afterwards remains at a 
comparable level without showing senescence-related decrease at day 240. HSP60 works 
as chaperone and has proapoptotic functions. An increase in its protein abundance after 
irradiation may be correlated with to the presence of larger numbers of damaged proteins 
or/and induction of apoptosis. Since the amount of HSP60 was not enlarged before day 21 
after exposure to X-rays, the protein response on this external stress appeared delayed. In 
contrast to non-irradiated cells, the ratio of both oligomeric forms was also unaffected by 
cellular ageing but transiently changed after irradiation (Fig.  4-35 B). At day 14 there was 
more HSP60* present (1.8-fold). At the same time, the amount of apoptotic cells was 
increased. Later on, after several cell population doublings the level of HSP60* and HSP60 
was similar. Additionally, the level of apoptotic cells only minor increased. This underlines the 
role of the smaller oligomeric state (HSP60*) in induction of apoptosis as suggested already 
in chapter  4.4.1.7.  
Protein abundances of mitofilin in progeny of irradiated cells were less until day 80 compared 
to non-irradiated cells, but remained at the same level until day 240 (Fig.  4-36), while in non-
irradiated cells there was an age-associated decrease. Mitofilin is important to maintain 
mitochondrial functions (fusion and fission as well as cristae formation). 
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The total amount of SOD1 increased transiently with increased CDP and to a larger extent in 
senescent progeny of irradiated cells than in non-irradiated (Fig.  4-36). Considering the ROS 
level, in progeny of non-irradiated cells and irradiated cells, the ROS-level is similar at day 66 
but slightly lower in progeny of irradiated cells at day 151 (Fig.  4-29 A), possibly due to the 
increase abundance of this antioxidant enzyme. The suggestion that progeny of irradiated 
cells depicts constantly increased ROS level larger than that of non-irradiated cells is refuted 
by the data obtained (Fig.  4-29). An increase of reactive oxygen species occurred as a 
immediate response on irradiation as described by Zahnreich (2011). Afterwards progeny of 
X-ray exposed cells exhibit ROS level similar to non-irradiated cells. The irradiation induced 
increase of ROS about 1.5-fold [for X-rays, (Zahnreich, 2011)] is relatively small compared to 
the significant age-associated increase of ROS about 2- to 3-fold (Fig.  4-29 B).  
The ROS level increased during ageing, in line with the “Free Radical Theory of Ageing” by 
Harman (1956) independently of radiation exposure. Furthermore, no prevalence of a 
predominant reactive oxygen species such as superoxide radicals was observed as indicated 
by the comparable ratio of DCF and DHE signals in young, aged and irradiated cells 
(Fig.  4-29 B). It is proven that small amounts of ROS are essential for the immune system or 
signalling processes (Chew and Park, 2004). Immoderate increased levels of ROS lead to 
damage of nucleic acids, lipids and proteins and results in less efficient antioxidant system 
and in turn to more ROS. It would be interesting to correlate the level of ROS to the amount 
of mitochondria per cell (Lee et al., 2005; Limoli et al., 2003; Spodnik et al., 2002). The 
number of mitochondria per cell was not analyzed. 
An increase in protein abundances of SOD1 and HSP60 as well as constant level of mitofilin 
were accompanied by a prolonged ability of progeny of irradiated cells to proliferate. It is 
known that ionizing radiation is harmful for cells and multicellular organisms (Ina and Sakai, 
2004). But following the theory of radiation hormesis (Wolff, 1998), low-dose (Luckey, 1982) 
and high-dose (Yonezawa et al., 1996; Yonezawa et al., 1990) radiation induce e.g. also 
enhanced growth rate, prolonged life span (Lorenz et al., 1955) – also after lethal high-dose 
irradiation (Yonezawa et al., 1996; Yonezawa et al., 1990) – increased function of the 
immune system (Anderson and Lefkovits, 1979; Liu, 1989; Liu et al., 1987), increased 
resistance to oxygen toxicity (Lee and Ducoff, 1989). In the present long-term cell culture 
experiment, X-ray irradiation with a dose of 8 Gy stimulates the expression of antioxidants as 
well as stress response proteins as chaperones. Therefore, cells may be more protected for 
later stress as e.g. ROS increase. Also acute doses of oxidative substances (e.g. ROS) are 
postulated to increase the cellular protection against further oxidative stress and therewith 
lifespan. Therefore, irradiated NHDF cells were exposed to two acute stresses that may both 
induce prolonged cell survival due to increased stress response system in progeny of cells 
that were able to recover. 
The abundance of prohibitin constantly increased until day 240 and was slightly larger in 
progeny of irradiated cells compared to non-irradiated. Prohibitin is known to enhance cell 




4.4.1.9 Summary  
In the present study, it was discovered that ageing of NHDF cells was characterized by 
comparable alterations of the mitochondrial proteome as observed previously for rat brain 
cortex (Dencher et al., 2007; Frenzel et al., 2010b) and skeletal muscle (Lombardi et al., 
2009). Progeny of non-irradiated cells exhibiting a pronounced decrease in protein 
abundances of individual OxPhos complexes I, III2 and V and supercomplexes as well as 
mitofilin and HSP60 when cells entered the phase of reduced cell growth (pre-stage of 
cellular senescence). Prohibitin and SOD1 increased until day 240. Cellular ageing was 
accompanied by increase in the level of phase III and post-mitotic cells as well as by cells 
with chromosomal aberrations, number of aberrations per cell, increased amount of aberrant 
cells with twice the set of chromosomes and by cells undergoing apoptosis. Additionally, the 
“Free Radical Theory of Ageing” by Harman (1956) was supported, at least for cells in 
culture. 
Progeny of cells irradiated with X-rays maintained their ability to proliferate for a longer time. 
Immediately after X-ray exposure, cells provided increased numbers of aberrant cells and 
chromosomal aberrations per cell, respectively, apoptotic cells as well as phase III and post-
mitotic fibroblasts that returned to the control level after cell recovery. Increased cell division 
was observed at day 80, possibly enabled by the pronounced abundance increase of 
complex I, V and of respiratory chain supercomplexes. Thereafter, also progeny of irradiated 
cells exhibit reduced cell proliferation and therewith a decrease in complex I, V and 
supercomplex abundances as observed also for progeny of non-irradiated cells. Increased 
amount of HSP60 and SOD1 as well as stable level of mitofilin may enable additionally the 
prolonged proliferation ability in progeny of non-irradiated cells. Prohibitin (except for day 21) 
and SOD1 are increasing in abundance after irradiation and during cell ageing until day 240 
to larger extent compared to non-irradiated cells. ROS-level increased independent from 
irradiation exposure in progeny of irradiated and non-irradiated cells. The present 
experiments confirm the suggestion made in chapter  4.3.2 that two oligomeric forms of 
HSP60 are present in human cell cultures. It is described for the first time that a shift towards 




4.4.2 Changes of the cellular ATP level during ageing and after X-ray irradiation in 
NHDFs 
Changes in the amount of the ATP synthase could affect the cellular ATP level (ATP 
generation versus consumption). Additionally, increased demand of ATP, possibly needed 
after external stress like irradiation, has to be provided by complex V. In the present study, in 
NHDF a decline in the amount of ATP synthase was observed in progeny of irradiated and 
non-irradiated cells at the time point cell proliferation slowed down (Fig.  4-32 A). Less ATP 
synthase, due to its role as main ATP generating enzyme, may have a direct impact on the 
overall energy status of the cell. For ATP determination, as demonstrated in chapter  4.1.5, 
cells have to be analyzed immediate after harvesting or after storage with TCA that was 
added immediately after harvesting and before freezing to cells, to ensure no destruction of 
ATP during the time of storage. For the experiment described in chapter  4.4.1 (Fig.  4-25), no 
ATP determination had been performed. To reveal if the observed decline in protein 
abundance of the ATP synthase was accompanied by a decline in the ATP level of a cell, the 
experiment was repeated with NHDF cells using the same conditions for X-ray irradiation and 
cell culturing to study the effect of senescence and X-ray irradiation on the cellular ATP level. 
NHDF were subcultured for 193 days (Fig.  4-37). Determination of the cellular ATP amount 
was performed as described in chapter  3.14. At every subcultivation, cells were incubated 
with TCA and stored at -20°C until ATP determination.  
In the present experiment, progeny of irradiated and non-irradiated cells entered the phase of 
reduced cell proliferation around a CPD of 49 that is quite near to the Hayflick limit of 50 cell 
population doublings (Hayflick, 1985). In the initial experiment (chapter  4.4.1), cells entered 
the phase of reduced cell proliferation around a CPD of 37 (Fig.  4-25). Additionally, in 
contrast to the first experiment, in progeny of irradiated cells cell doubling was decelerated 
later between day 15 and day 28 possibly due to irradiation induced damages (Fig.  4-27). At 
day 92 both irradiated and non-irradiated cells completed again the same population  
 
 
Fig. ‎4-37. Growth curve of normal human dermal fibroblasts (NHDF) exposed to X-rays (8 Gy, filled 
triangle) at day 0 and respective non-irradiated cells (open triangle). Repetition of the first experiment in 
Fig. ‎4-25. The number of cumulative population doublings (CPD) after X-ray exposure during this long-




doublings. Thereafter, progeny of irradiated and non-irradiated cells showed similar 
proliferation frequency and entered the phase of reduced cell proliferation after 128 days. 
The cellular amount of ATP in progeny of non-irradiated NHDF was quite constant at about 
4 x 10-15 mol/cell, independent of the age (Fig.  4-38). The amount of ATP per cell according 
to present literature is 10-15 mol ATP or more (BioThema, ATP Biomass Kit HS). At day 15 
and 28 after X-ray irradiation, the abundance of cellular ATP was strongly increased by a 
factor of about 2 compared to controls, followed by a sharp decrease between day 28 and 
day 43, reaching the level of non-irradiated cells and remained there until day 128. 
Thereafter, it declined continuously until day 193. At this time point, the cellular ATP level in 
progeny of X-ray irradiated cells was 1/3 of the level in the respective controls. 
 
 
Fig. ‎4-38. Changes in the cellular ATP level in progeny of X-ray (8 Gy) irradiated and non-irradiated cells. 
The ATP amount was determined for 1600 cells. It is noteworthy to mention that cell shape and cell 
volume, respectively, show significant changes during ageing. The ATP level is normalized to the number 
of cells and not on their volume. 
 
The senescence-associated decrease in ATP synthase abundance observed in the initial 
experiment (Fig.  4-32 A) in non-irradiated cells was possibly not accompanied by a 
simultaneous decline in ATP amount. There are two possible explanations: (1) the specific 
activity of ATP synthase increases during senescence or/and (2) senescent cells consume 
less ATP and the observed reduced amount of ATP synthase is sufficient to maintain the 
cellular energy status of a senescent cell. 
In progeny of irradiated cells (X-rays and nitrogen ions), there was a pronounced transient 
increase of cellular ATP level at day 15 and day 28 (Fig.  4-38). At the protein level, no 
corresponding radiation-induced increase of the ATP synthase amount was observed in the 
initial experiment (Fig.  4-32 A), indicating that complex V can provide the higher ATP energy 
level required by increased specific activity. But the senescence-associated decline of ATP 
synthase in irradiated cells seems to be accompanied by a decrease in ATP amount. This 
may demonstrate a late-effect of X-ray radiation on the ATP synthase that is reflected by a 
loss of ability to further increase its specific activity. 
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To explain these data and their molecular interpretation in more detail, enzyme activity tests 
have to be performed to determine the specific activity of the ATP synthase and its 







4.4.3 Comparison of alterations in the mitochondrial proteome of NHDF, WI38 and 
AG1522D fibroblasts during senescence and after irradiation with X-rays and 
carbon ions 
The human body consists of different cell types like neuronal cells, lymphocytes or 
fibroblasts, only to name some of them. As introduced in chapter  1.1.3, each is characterized 
by its morphology and specific metabolic activity depending on its origin. Additionally, 
according to their origin (e.g. liver, lung or skin) and energy demand (oxygen consumption), 
they are exposed to different levels of oxygen. Oxidative damages, induced by increased 
amounts of ROS, are postulated to play an important role in ageing and senescence 
(Harman, 1956). Hence, it can be assumed, that ageing occurs distinct in different cell types, 
e.g. detectable by different age-associated alterations of the mitochondrial proteome. The 
cellular oxygen level was also found to influence the radiosensitivity. Cells in several solid 
tumors under hypoxic conditions are extremely resistant to irradiation therapy (Yotnda et al., 
2010).  
In the present study, confluent human foetal lung fibroblasts (WI38) and human dermal 
fibroblasts (AG1522D), the latter isolated from the foreskin of newborns (chapter  2.7.2, 
Table  2-1), were irradiated with X-rays (8 Gy) and AG1522D in a parallel experiment with 
carbon ions too (100 MeV/u, Unilac) and subcultured until cell proliferation slowed down due 
to entering phase III and/or senescence. Sample-analysis focused on two aims: (1) Age-
related changes of the mitochondrial proteome, (2) interplay of irradiation- and age-
dependent changes and (3) effect of different irradiation (X-ray and heavy ions). Data 
obtained for WI38 and AG1522D are compared to that of normal human dermal fibroblasts 
(NHDF) (chapter  4.4.1). 
 
4.4.3.1 Changes in cell proliferation and the number of chromosomal aberrations of 
AG1522D and WI38 during cellular ageing and after X-ray/heavy ion irradiation  
Non-irradiated WI38 cells entered phase III of cell growth at CPD46 and were senescent at 
day 52 (CPD47) showing no cell division any more (Fig.  4-39). Cellular ageing was 
accompanied by an increase of chromosomal aberrations (6-fold) at day 66 (unchanged 
thereafter until the end of the experiment, Fig.  4-40 A). The number of aberrations per diploid 
cell increased transiently at day 28 (Fig.  4-40 B) and that of tetraploid cells at day 66 and 
even more at day 107 (Fig.  4-40 C). After X-ray irradiation, at day 1 the number of WI38 cells 
exhibiting chromosomal aberrations as well as the number of aberrations per cell (2n and 4n) 
was increased to a large extent (Fig.  4-40) and the cell proliferation was slowed down 
dramatically (Fig.  4-39) until recovery at day 52 (similar level as non-irradiated cells). 
Progeny of irradiated cells entered senescence after less CPD (45) than non-irradiated but 
later at day 66. Thereafter, in line with non-irradiated cells, no or only minor cell proliferation 
was observed. While a constant increase of chromosomal aberrations was counted already 
at day 66 until day 107 that was larger than in progeny of non-irradiated cells, the number of 





Fig. ‎4-39. Growth curve of WI38 (black) and AG1522D (green and red) exposed to X-rays (8 Gy) and 
carbon ions (2 Gy) at day 0 and respective non-irradiated cells (empty symbols). The number of 
cumulative population doublings (CPD) after X-ray exposure during this long-term experiment is plotted.  
 
According to previous experiments at GSI, an application of a dose of 2 Gy with heavy ion 
(carbon) irradiation at the Unilac (GSI) is inducing an equivalent relative biological effect 
(RBE, see also chapter  1.2) as a dose of 8 Gy X-rays. Cell proliferation was unaffected of 
exposure to carbon ions in AG1522D cells (Fig.  4-39). Only at day 91, cell population  
 
 
Fig. ‎4-40. [A] Proportion of aberrant cells (with normal chromosomal number, 2n) in percent, [B] number 
of aberrations per diploid cell (2n) and [C] tetraploid in progeny of non-irradiated (black) and irradiated 
(gray) WI38 cells. The number of aberrations was divided through the amount of aberrant cells.  
 
doubling was slightly decelerated, but thereafter similar to non-irradiated cells. Also after X-
ray irradiation, no immediate effect on cell proliferation was observed, but in contrast to 
heavy ions, a pronounced decrease in cell population doubling occurred, beginning at day 62 
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and at a CPD of 35.5. The subcultivation of AG1522D cells exposed to X-rays was stopped 
already at day 126 due to an experimental error. Cell doubling of progeny of non-irradiated 
and heavy ion irradiated cells also slightly decelerated at day 62/66. 
In progeny of non-irradiated AG1522D cells, the amount of aberrant cells increased during 
cellular ageing from max. 20% (most times 4-8%) in young cells up to 80% when entering 
phase III of growth (Fig.  4-41 A1, B1). The number of aberrations increased only to a small 
extent (Fig.  4-41 A2, B2). The appearance of cells with twice the set of chromosomes differs 
in both experiments (Fig.  4-41 A3, B3). While in non-irradiated cells cultivated in parallel to 
the Unilac-experiment (Fig.  4-41 A3) tetraploid cells appear at day 82 with increased number 
of aberrations per cell during cellular ageing, in non-irradiated cells from the X-ray-
experiment already at day 6 aberrant cells with twice the set of chromosomes (4n) were 
found whose number of aberrations increased until day 147 and decreased thereafter again 
until day 249. 
 
 
Fig. ‎4-41. [A1, B1] Proportion of aberrant cells (2n) in percent and number of aberrations per aberrant cell 
in diploid (2n, A2, B2) and tetraploid (4n, B3, B3) progeny of non-irradiated (black) and irradiated (gray) 
AG1522D cells. 
The number of aberrant cells for AG1522D was increased after both carbon ion and X-rays 
irradiation, respectively (Fig.  4-41 A1, B1). After exposed to carbon ions maximal 60% of the 
cells had chromosomal aberrations at day 1 and 5. The amount of damaged cells was at the 
level of non-irradiated cells already at day 15. In contrast, X-ray irradiation resulted in up to 
80% aberrant cells (at day 5) and still increased level at day 15 before reaching the level of 
non-irradiated cells. Thereafter, the number of aberrant cells was similar to that of non-
irradiated until the end of the experiment. The amount of chromosomal damages after carbon 
ion irradiation was up to 4 per cell until day 1 and 5 (Fig.  4-41 A2). Thereafter it returned to 
the level of non-irradiated cells. Exposure to X-ray also led to an increase of aberrations per 
cell, but to a less extent (Fig.  4-41 B2) and still increased at day 15 before reaching normal 
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level. These observations were comparable to the amount of damages in tetraploid cells that 
were increased after heavy ion irradiation only at day 5 while after exposure to X-rays it was 
still high at day 15 (Fig.  4-41 A3, B3). In both experiments it returned to the level of non-
irradiated cells thereafter and increased during cellular ageing with a small transient increase 
at day 109 in carbon ion irradiated cells. 
 
4.4.3.2 Alterations in the mitochondrial proteome of AG1522D after X-ray and heavy ion 
irradiation  
In progeny of non-irradiated cells (both controls for X-ray and carbon ion irradiation) an age-
associated decrease in ATP synthase, complex I and complex III abundances occurred 
between day 117 and day 208 as well as day 90 and day 216, respectively (Fig.  4-42). Only 
in non-irradiated cells, representing the control for heavy ion radiation, the protein amount of 
the ATP synthase increased constantly until day 117 and of complex I and complex III2 
transiently at day 98 and day 117, respectively, before the overall decrease (Fig.  4-42 A).  
 
 
Fig. ‎4-42. Changes in the total amount of ATP synthase (sum of monomer and dimer) as well as of 
individual complexes I and III2 in progeny of non-irradiated (dark) and irradiated (gray) AG1522D cells 
after exposure to heavy ions and X-rays. Quantitation occurred in the first dimension after CBB G-250 
staining of proteins. 
 
In progeny of X-ray irradiated cells, the protein abundance of ATP synthase and complex I 
was always at the level of non-irradiated cells until day 47 (Fig.  4-42 B). Thereafter it 
increased slightly at day 90.Complex III2 was less present at day 6, increased up to the level 
in non-irradiated cells at day 47 and decreased again at day 90. In progeny of AG1522D 
cells exposed to heavy ions the ATP synthase amount increased in line with the level of non-
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irradiated cells until day 117 but decreased to a larger extent at day 208. Complex I and 
complex III2 showed only minor alterations in abundance and were more pronounced in aged 
cells at day 208. 
The sum of supercomplexes (I1III2IV0-X) changed in abundance in non-irradiated cells (in 
controls for both X-ray and heavy ion irradiation) comparable to that of individual complex III2 
in the respective experiments (Fig.  4-43). While the amount transiently decreased from 
day 98 in controls of carbon ion irradiated cells (Fig.  4-43 A) before the age-associated 
decrease from day 98 to day 208, in controls of X-ray irradiated cells (Fig.  4-43 B) the 
abundance remained constant after the pronounced decrease at day 47. 
 
 
Fig. ‎4-43. Alterations in the abundance of supercomplexes (sum of I1III2IV0-3) in progeny of non-irradiated 
(dark) and irradiated (gray) AG1522D cells after exposure to heavy ions and X-rays. Quantitation occurred 
in the first dimension after CBB G-250 staining of proteins. 
 
The total amount of mitochondrial HSP60 (sum of both oligomeric forms) changed in 
abundance in irradiated AG1522D cells comparable to non-irradiated independent of X-ray 
and carbon ion irradiation (Fig.  4-44 A and Fig.  4-45  A). But an increase of HSP60 occurred 
in irradiated and non-irradiated cells in the carbon ion experiment at day 98 followed by an 
age-associated decline in protein abundance until day 208 (Fig.  4-44 A) while in the parallel 
X-ray experiment, the level of HSP60 was nearly unchanged during the whole time of 
cultivation in progeny of non-irradiated and irradiated cells (Fig.  4-45 A).  
 
 
Fig. ‎4-44. (A) Total amount of heat shock protein 60 (sum of both oligomeric forms) after exposure to 
carbon ions and (B) the ratio of HSP60* to HSP60 in progeny of non-irradiated (black) and irradiated (gray, 
2 Gy, carbon ions, Unilac) AG1522D cells. Quantitation occurred in the first dimension after CBB G-250 




In line with HEK-(h)DAT cells (chapters  4.3.2) and NHDF (chapter  4.4.1.8) two oligomeric 
forms of the mitochondrial HSP60 were present also in AG1522D cells. In progeny of non-
irradiated AG1522D cells, the ratio of the two oligomeric forms was shifted towards the 
smaller HSP60* form during cellular ageing but at different times. While in Fig.  4-44 B the 
proportion of HSP60* was already relatively increased at day 98 followed by a slightly 
decrease thereafter until day 208, in Fig.  4-45 B a small decrease occurred at day 47 
compared to day 6 but increased later on constantly until day 216.  
As observed already for NHDF, also in AG1522D cells a shift towards the smaller oligomeric 
form (HSP60*) was found after irradiation, that was decelerated at day 47 in X-ray exposed 
cells (Fig.  4-45 B) compared to day 6 for heavy ions (Fig.  4-44 B). In both experiments the 
proportion of the larger HSP60 increased thereafter again. After irradiation to heavy ions, a 
change of the ratio of HSP60* to HSP60 occurred again at day 208. 
 
 
Fig. ‎4-45. (A) Total amount of heat shock protein 60 (sum of both oligomeric forms) after exposure to X-
rays and (B) the ratio of HSP60* to HSP60 in progeny of non-irradiated (black) and irradiated (gray, 8 Gy, 
X-ray) AG1522D cells. Quantitation occurred in the first dimension after CBB G-250 staining of proteins. 
 
4.4.3.3 Alterations in the mitochondrial proteome of WI38 after X-ray irradiation  
From progeny of non-irradiated WI38 cells at day 66 not enough cells were present for the 
isolation of mitochondria since cells stopped proliferation. The abundance of the ATP 
synthase (Fig.  4-46 A) and complex I (Fig.  4-46 B) was unchanged until day 52 and day 35,  
respectively, and decreased thereafter until day 66. Individual complex III2 decreased 
transiently at day 35 but returned to the level of day 15 at day 52 (Fig.  4-46 C). The 
abundance of respiratory chain supercomplexes (I1III2IV0-3) even increased during cellular 
ageing at day 52 (Fig.  4-46 D). Irradiation to X-rays was accompanied by a pronounced 
increase of complex III2 at day 15. While the protein abundance of ATP synthase, complex I 
and complex III2 was declined at day 66 (complex I already at day 52) due to senescence, 
the amount of supercomplexes remained unchanged except the transient decline at day 35. 
In non-irradiated cells, the mitochondrial HSP60 was slightly reduced in abundance between 
day 35 and day 52 in non-irradiated WI38 cells during cellular ageing but accompanied by a 
shift in the ratio of HSP60* to HSP60. This observation is contrary to NHDF and AG1522D 
(Fig.  4-47 A). In progeny of irradiated cells, the HSP60 abundance increased constantly until 
day 52 followed by a decrease until day 66. After exposure to X-rays the proportion of the 
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smaller HSP60* was enlarged in relation to HSP60 at day 35 but returned to the ratio of 
day 15 at day 52 and 66 (Fig.  4-47 B). 
 
 
Fig. ‎4-46. Changes in the total amount of (A) ATP synthase (sum of monomer and dimer), (B) of individual 
complexes I and (C) III2 as well as (D) sum of supercomplexes (I1III2IV0-3) in progeny of non-irradiated 
(dark) and irradiated (gray) WI38 cells after exposure to X-rays. Quantitation occurred in the first 




Fig. ‎4-47. (A) Total amount of heat shock protein 60 (sum of both oligomeric forms) and (B) the ratio of 
HSP60* to HSP60 in progeny of non-irradiated (black) and irradiated (gray, 8 Gy, X-ray) WI38 cells. 




4.4.3.4 Short term and doses effect of irradiation with X-rays on the mitochondrial proteome 
of WI38  
To analyze the short-term effect and dose dependence of irradiation on the mitochondrial 
proteome, confluent (chapter  2.7.2) WI38 cells (CPD similar to that of long-term experiments) 
were exposed to X-rays (8 Gy or 16 Gy) and mitochondrial isolation was performed 
immediately after irradiation (approx. 2h later) and one week later. Medium changes were 
performed immediately after irradiation and 3 days after.  
 
 
Fig. ‎4-48. Changes in the total amount of (A) ATP synthase (sum of monomer and dimer) and (B) of the 
sum of supercomplexes in progeny of non-irradiated (dark), and irradiated (8 Gy = gray, 16 Gy = white) 
WI38 cells immediate and one week after exposure to X-rays. Quantitation occurred in the first dimension 
after CBB G-250 staining of proteins. 
 
The amount of ATP synthase was increased about 1.4-fold immediately after irradiation with 
a dose of 8 Gy but retired to the level of non-irradiated one week later (Fig.  4-48 A). The 
exposure to 16 Gy was followed by a slightly increased level of ATP synthase one week after 
irradiation. Also of respiratory chain supercomplexes larger abundances were found 
immediately after irradiation with 8 Gy (Fig.  4-48 B). One week later nearly the same protein 




Fig. ‎4-49. Total amount of heat shock protein 60 (sum of both oligomeric forms) and (B) the ratio of 
HSP60* to HSP60 in progeny of non-irradiated (dark), and irradiated (8 Gy = gray, 16 Gy = white) WI38 
cells immediate and one week after exposure to X-rays. Quantitation occurred in the first dimension after 
CBB G-250 staining of proteins. 
 
Exposure to X-rays with a dose of 8 Gy was leading to an immediate 1.8-fold increase of 
mitochondrial HSP60 amount (Fig.  4-49 A). One week later, HSP60 abundances increased 
in all samples to a large extent. In cells irradiated with a dose of 16 Gy less HSP60 was 
present as compared to the ratio of 8 Gy and non-irradiated cells. The ratio of HSP60* to 
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HSP60 remained unchanged in non-irradiated cells immediately after irradiation and one 
week later. No immediate effect on the ratio of both HSP60 oligomeric occurred for the dose 
of 8 Gy. But one week later the proportion of HSP60* increased relatively to that of HSP60 to 
a large extent. 
 
Summary 
WI38 cells had already performed 37 cell population doublings at the beginning of the 
experiment. Compared to AG1522D (CPD 24) and NHDF (CPD 26) they were relatively 
progressed in age. The Hayflick limit of 50 cell population doublings was not reached for 
AG1522D cells in both experiments (Fig.  4-39). Cells entered phase III of cell growth 
characterized by reduced proliferation rate like NHDF cells as discussed in 
chapter 135 4.4.1.1. Only WI38 cells entered senescence since no cell population doubling 
was detected like it is described for this state. Progeny of non-irradiated cells were already 
senescent at day 52, while progeny of irradiated cells entered senescence later at day 66. 
But also for these cells the Hayflick limit was not reached but with a CPD45 they were quite 
close, compared to NHDF and AG1522D. In line with NHDF, cellular ageing of AG1522D 
cells was accompanied by an increase of cells containing chromosomal damages 
accompanied by unchanged level of the number of aberrations per diploid cell (Fig.  4-41 A, 
B). Also the appearance of aberrant tetraploid AG1522D cells was comparable but contrary 
to NHDF, an age-associated increase of damages per cell was observed (Fig.  4-41 C). Same 
alterations occurred at the chromosomal level of WI38 cells except the fact that tetraploid 
cells were present already at day 1 (Fig.  4-40). These observations seem to be overall 
present in different cell lines independent of their origin. In both, NHDF and AG1522D, the 
number of aberrant cells with twice the set of chromosomes increased at a CPD of about 36. 
Only WI38 cells already passed nearly 47 cell population doublings before the age-
associated increase of chromosomal damages. These cells seemed to be more protected 
against damages of the genome than the skin fibroblasts (AG1522D and NHDF). 
Ionizing irradiation was increasing the amount of aberrant cells as well as the number of 
aberrations in diploid and tetraploid cells to the same extent independent from irradiation 
type (Fig.  4-41, Fig.  4-40, Fig.  4-27) in AG1522D, WI38 and NHDF. But in cells exposed to 
X-rays, chromosomal damages with maximal 2-3 aberrations per cell were detected until 
day 15, while at that time point after heavy ion irradiation the number of aberrant cells was 
already at the level of non-irradiated cells. Interestingly, the number of damages per cell was 
higher (3-4) in these cells (Fig.  4-41 A2, B2). Nevertheless, the recovery from irradiation was 
similar in both experiments. However, in contrast to cells irradiated with carbon ions showing 
growth behavior similar to non-irradiated cells, cell proliferation decelerated to a larger extent 
already at day 62 in progeny of cells exposed to X-rays (Fig.  4-39), although the number of 
aberrant cells and damages per cell (2n and 4n) comparable to that of high LET irradiation 
and non-irradiated cells. As described in chapter  1.2, for both densely and sparsely ionizing 
radiation the number of the most harmful double strand breaks is comparable (Heilmann et 
al., 1995), but successful double strand break repair is more likely after low LET than after 
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high LET exposure (Heilmann et al., 1996; Taucher-Scholz et al., 1996). The different 
distribution of ionizing events that is characteristic of each radiation type may have 
influenced the ability of the cell to repair chromosomal aberrations. If damages are 
unreparable, cells are undergoing apoptosis and are eliminated quickly, helping the rest of 
the cell culture to recover after irradiation. But if cells contain numerous DNA lesions not 
leading to cell death, the possibility that incorrect repair occurs is increased. Cell recovery 
may be prolonged and unrepaired damages may accumulate in cells over time leading to 
increased chromosomal instability and reduced lifespan or early senescence. This might 
explain, why progeny of X-ray irradiated cells entered the phase III of cell growth earlier than 
non-irradiated cells and those exposed to heavy ions. 
The late effect of irradiation on chromosomes was visible for WI38 cells (Fig.  4-40). An 
increase of cells containing chromosomal aberrations occurred not only immediately after 
exposure to X-rays but also in senescent cells. The higher chromosomal instability may 
result from the fact that these cells passed already several cell population doublings when 
being irradiated. Another possibility is that lung cells (WI38) are more vulnerable to 
irradiation.  
With minor exceptions, in all analyzed cell types (AG1522D, WI38 and NHDF) a senescence-
associated decrease in the abundance of the ATP synthase, complex I, complex III2, 
supercomplexes and mitochondrial HSP60 occurred in non-irradiated cells (Fig.  4-42, 
Fig.  4-43, Fig.  4-44, Fig.  4-45, Fig.  4-46, Fig.  4-47). The abundance decrease was 
sometimes different in extent and interrupted by a transient increase. Alterations in the 
mitochondrial proteome are therefore by trend similar to those in mitochondria of rat cortex 
and can be possibly correlated with the age-associated increase of the genomic instability 
(possibly of both mtDNA and nDNA). 
In mitochondria of progeny of AG1522D cells irradiated with heavy ions, the same 
senescence-associated decline in protein abundance was also found (except complex III2) 
and WI38 cells exposed to X-rays (except supercomplexes). Possibly all damaged cells of 
AG1522D were eliminated after heavy ion irradiation leading to a complete recovered cell 
culture with normal senescence-associated alterations in the mitochondrial proteome. After 
X-ray irradiation of AG1522D cells, most mitochondrial proteins analyzed were unchanged in 
the amount or even increased although cell proliferation declined. In conclusion, it seems 
that X-ray irradiation was leading to an earlier senescence although protein abundances of 
complex I, III2, ATP synthase, respiratory chain supercomplexes as well as HSP60 were 
unchanged or even increased. This may be an indication for the presence of less active or 
possibly defect enzymes due to increased damages in the DNA. These aberrations may be 
less visible than the loss of a whole chromosome but manifested in the accumulation of small 
damages like simple base exchanges. 
 
In all four analyzed cell lines (NHDF, HEK-(h)DAT, AG1522D and WI38) two oligomeric 
forms of mitochondrial HSP60 were found. It was demonstrated for NHDF cells that the 
senescence and irradiation induced shift towards the smaller form, HSP60*, can be 
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correlated with an increased level of apoptosis. Noteworthy, in AG1522D cells exposed to 
carbon ions the proportion of HSP60* was increased relatively to the large HSP60 form at 
day 6. In the same cell line after X-ray irradiation, this increase occurred decelerated at 
day 47 possibly since induction of apoptosis was also later since cells try to repair irradiation 
induced damages. Also in NHDF and WI38 the proportion of the smaller HSP60* form was 
still increased at day 14 and day 35 after exposure to X-rays, respectively.  
Analysis of the immediate effect of X-ray exposure (~2h) on the mitochondrial proteome of 
WI38 cells showed that after irradiation with a dose of 8 Gy the abundance of the ATP 
synthase (1.4-fold), respiratory chain supercomplexes (2.5-fold) and HSP60 (1.8-fold) 
indicating a larger energy demand required. One week later the protein amount of the ATP 
synthase and of supercomplexes returned to the level of non-irradiated cells. A dose of 
16 Gy, compared to non-irradiated cells and cells exposed to 8 Gy, resulted in only slightly 
increased level of the ATP synthase one week after irradiation and did not affect the level of 
supercomplexes. The amount of the mitochondrial HSP60 was dependent on the time cells 
remained in one culture flask without subcultivation or simply on the fact how long cells are 
confluent as assumed already in the present study in chapter  4.3.2 for HEK-(h)DAT cells. 
Also in WI38 cells the total HSP60 abundance (sum of both oligomeric forms) was increase 
after one week in non-irradiated cells and cells exposed to X-rays (both doses). Noteworthy, 
a dose of 16 Gy resulted in a slightly reduced increased. Noteworthy, while immediately after 
irradiation with X-rays no change in the ratio of HSP60* and HSP60 occurred, a pronounced 
shift towards the smaller HSP60* was present one week later in irradiated but not in non-
irradiated cells. In conclusion, the amount of proteins involved in energy supply (ATP 
synthase and supercomplexes) was immediately increased after irradiation to provide the 
higher energy level required for damage repair. One week later, the major chromosomal 
damages are repaired. Cells that were unable to recover undergo apoptosis. In NHDF cells, 
the apoptotic level was still increased 17 days after exposure to X-rays (Fig.  4-28). Hence the 







4.5 Characterization of functional molecular dynamics in cells 
under different ageing states using neutron scattering  
To unravel, if alterations in cellular molecular dynamics can serve as biomarkers for 
apoptosis, the dynamical behavior of baby hamster kidney cells (BHK21) without and after 
induction of apoptosis was compared. The apoptosis represent an extreme morphologically 
different cellular state compared to healthy cells since the whole cell is destroyed in this 
process. These preliminary neutron scattering experiments, using extreme states, should 
reveal if differences in dynamical behavior can be detected and correlated with biological 
function or state of a cell. 
Neutron scattering experiments were performed at the Institut Laue-Langevin (ILL) with the 
help of Thomas Hauss (Helmholtz-Zentrum Berlin für Materialien und Energie GmbH), Judith 
Peters (ILL), Andreas Stadler (ILL), Joseph Zaccai (ILL) and Marion Jasnin (ILL). I was 
mainly responsible for cell culturing, transport and sample preparation. Data evaluation and 
interpretation was made by Thomas Hauss (Helmholtz-Zentrum Berlin für Materialien und 
Energie GmbH) and Judith Peters (ILL). 
In line with experiments performed previously on intact bacteria (Jasnin et al., 2008; Tehei et 
al., 2004), elastic temperature scans were performed for six temperatures between 5°C and 
40°C. The temperature dependence of the atomic mean square displacement and a mean 
resilience value (Zaccai, 2000) was evaluated for cytoplasmic macromolecules in untreated 
and apoptotic cells. To induce apoptosis, confluent cells were treated 24 hours before 
exposure to neutrons with the peptide H-RCYVVM-OH (0.5 mM) and camptothecine (5 µM). 
As described in chapter  2.7.3, the peptide is an activator of the CD47 complex [Cluster of 
Differentiation 47 (Brown and Frazier, 2001)] while camptothecine prevents DNA re-ligation 
and therefore causes DNA damage by binding to the topoisomerase type I/DNA complex 
leading to DNA damage and apoptosis (Redinbo et al., 1998).  
 
4.5.1 Comparison of healthy and apoptotic cells 
For the first (15.-18.06.2009) experiment, cells were harvested and pelleted via centrifugation 
one or two days before the experiment at the Technische Universität Darmstadt (Germany) 
and stored at 4°C until final sample preparation. The cell survival after the transport to the ILL 
in Grenoble was controlled via replating the non-treated sample (Fig.  4-50). Non-treated and 
apoptotic cells were measured on the neutron spectrometer IN13 (ILL, Grenoble, France) 
performing temperature scans from 280 to 313 K in steps of 6 K. The data collection time 
varied from 3 to 5 hours and was increased with increasing temperature.  
The method of inelastic neutron spectroscopy gives an average view on structural 
fluctuations. The values of mean square displacements <u2>, describing the motion of 1H 
atoms (Sears, 1992). The results depict in Fig.  4-50 gives a hint that the motions are slightly 






Fig. ‎4-50. Morphology of replated, non-treated cells before the experiment, after the transport in form of a 
cell sediment (left side, photo was made through the ocular of the microscope). The mean square 
displacements (<u
2
>) extracted from the scattering data in the Q range 0.5 – 1.3 Å
-1
 are plotted as a 
function of temperature (right side). 
 
After the experiment, healthy cells were replated to check the survival, but no living cell was 
observed. The conditions during the measurement are extreme for living cells: tightly closed 
from air, without nutrition and packed as a dense cell paste. Further off-line tests showed that 
the cells were able to survive about 6 hours under such extreme conditions.  
The experiment was repeated in September 2009 (26.08.-6.09.2009) by changing every 
6 hours the samples to assure their survival. Cells were transported in cell culture flasks one 
week before the experiment to France and were harvested immediately before exposure to  
Table ‎4-4. Cell survival of samples after each measurement. The respective amount [µg] of cells (after  
centrifugation at 800 g) is indicated. 
SAMPLE Measurement parameters 
Cell amount 
used in the 
experiment 
survival 
Sample 1: control 4x 1h at 304K 600 µg 
Cells survived the treatment, 
spreading and cell doubling after 
21hs was observed 
Sample 2: control 4x 1h at 280K/288K/296K 600 µg 
Cells survived the treatment, 
spreading and cell doubling after 
27hs was observed 
Sample 3: Control 4x 1h at 315K 600 µg No survival 
Sample 4: Apoptosis 4x 1h at 304K 500 µg 
Few single cells survived, no cell 
doubling, only spreading of some 
few cells 
Sample 5: Control 4x 1h at 288K/296K/304K 600 µg 
Few single cells survived, no cell 
doubling, only spreading of some 
few cells 
Sample 6: Control 4x 1h at 304K repetition 600 µg 
Few cells survived, no cell 
doubling, only spreading of some 
cells 
Sample 7: Control 4x 1h at 300K 600 µg 
After 14h most cells spread again 
and begin to proliferate 
Sample 8: dead cells 4x 1h at 296K/304K/315K 700 µg 
Cells died on purpose before 
starting the experiment 
Sample 9: Control 4x 1h at 310K 600 µg 
Cells survived the treatment, 
spreading and cell doubling after 
21hs was observed 
Sample 10: Apoptosis 
4x 1h at 280K/288K/ 
296K/304K/315K 
600 µg No cell survival 
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neutrons. The sample preparation was similar to the first experiment. Again apoptotic cells 
(apoptosis induced similar to the first experiment) were compared to healthy cells. 
Measurements were performed again temperatures of 280 to 315 K, but exchanging the 
samples every 6 hours for temperatures higher than 296 K. The data collection time varied 
from 4 to 5 hours per temperature point. Replating of the non-treated cells demonstrated that 
they survived at a high rate the experiment (Table  4-4). The fluctuation amplitudes were 
slightly reduced in apoptotic cells (Fig.  4-51). However, the absolute height of the MSD 
strongly depends on the sample preparation and even the two control samples do not give 
the same results for the MSD. The straight lines are so far simply a guidance for the eye, but 
they are related to the effective elastic force constants (proportional to the inverse of the 
slope of the MSD versus temperature dependence) (Zaccai, 2000). It seems that the 
effective force constants are very similar for the two control samples and softer than for the 
apoptotic and dead cells, which seems to be stiffer. The effect is rather surprising and should 
be confirmed in further experiments.  
 
 
Fig. ‎4-51. The mean square displacements (<u2>) extracted from the scattering data in the Q range 0.5 – 
1.3 Å
-1
 are plotted as a function of temperature. MSD extracted for control (BHK13 = samples 1-3 and 
BHKPr57 = samples 5-7), apoptotic (P4BHKPr2 = sample 4 and 10) and dead cells (sample 8). The straight 
lines are guidance to the eye. 
 
4.5.2 Summary 
In the first experiment the motions seemed to be slightly reduced in apoptotic cells. This may 
be explained by the fact that when cells enter apoptosis the cell morphology and inner 
structure is changing. The cell cytoskeleton, a highly complex and highly structured 
construction, is destroyed. As consequence, cells are losing their shape and membranes 
form bulges outwards (Vermeulen et al., 2005). Cells begin to shrink in size and the nuclear 
as well as the DNA are fragmented.  
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Although from the second experiment opposite results were obtained and the background 
signal is pronounced, it seems that extreme physiological different states as healthy and 
dead or apoptotic cells can be distinguished in these neutron scattering experiments. The 
method has to be improved and many factors have to be changed or modulated. But 
thereafter neutron scattering experiments may be useful to analyze the physiological state of 
a cell population. A sample holder should be developed allowing measurements at 
physiological culture conditions (presence of medium, nutrition, oxygen, etc.). High 







5 List of abbreviations 
 
1D one dimensional 
2D two dimensional 
9-me-BC 9-methyl-beta carboline 
ACO2 mitochondrial aconitase 2 
AP alkaline phosphatase 
APS ammonium persulfate 
ATP adenosine triphosphate 
BCIP 5-bromo-4-chloro-3-indolyl phosphate 
BHM bovine heart mitochondria 
Bis-Tris 2-[Bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-1,3-propanediol 
BN Blue-native 
BSA bovine serum albumin 
CBB Coomassie Brilliant Blue 
CoQ  coenzyme Q 
CPD cumulative population doubling 
CR caloric restriction 
Cyt c  cytochrome c 
Da dalton 
DAB 3,3'-Diaminobenzidine 
DCDHF 2‘-7‘-Dichlorodihydrofluorescein diacetate 
ΔpH proton gradient 
ΔΨ membrane potential 
Δp proton motive force 
D2O heavy water 
Dest. water distilled water 
DHE  dihydroethidium 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxid 




eV electronvolt  
FADH2 flavin adenine dinucleotide 
FCS fetal bovine serum 
GABA gamma-aminobutyric acid 
GSI Gesellschaft für Schwerionenforschung 
GU Gray-units 
Gy gray 
H2O2 hydrogen peroxide 
HEK baby hamster kidney cells 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HMW high molecular weight 
HSP heat shock protein  
IgG immunoglobulin G 
ILL Institut Laue-Langevin 
J joule 
LET Linear Energy Transfer 
LMW Low molecular weight 
mA Milliampere 
MALDI (Matrix Assisted Laser Desorption Ionization 
MilliQ-Wasser purified and deionized water to a high degree (typically 18.2 MΩ·cm), particle free up to 
0,22 µm 
MR molecular masse 
MS mass spectrometry 
mt mitochondrial 
NAD nicotinamide adenine dinucleotide 
nDNA nuclear DNA 
NHDF normal human dermal fibroblasts 
O1/2 aged rats 1 and 2, 30 months, cortex mitochondria 
OD optical density 
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OxPhos Oxidative Phosphorylation 
PA polyacrylamide gel 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 




ROS reactive oxygen species 
rRNA ribosomal ribonucleic acid 
tRNA transfer ribonucleic acid 
RBE relative biological effectiveness 
RT room temperature 
ROS reactive oxygen species 
SDS Sodium dodecyl sulfate 
SOD superoxide dismutase 
SPF specific pathogen-free 
TBARS ThioBarbituric acid reactive substances 







> mean square displacement 
(v/v) volume per volume unit 
V voltage 
(w/v) weight per volume 
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